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Abstract 
This dissertation investigates how engineers use physical artefacts to support design activity. 
An ethnographically-inspired field study was undertaken within a small Australian engineering design consultancy. The 
study focused on the activities of a team of four mechanical engineers as they worked on an industry project to design a 
hydraulically-powered attachment for an excavator. During the course of the study, the engineers were seen to draw 
upon, gesture around and collaborate around a wide range of resources within the design environment, developing 
detailed calculations on paper or through software displayed on computer screens, sketching in notebooks, on printed 
line drawings and on whiteboards, referring to textbooks and catalogues, and so on. Through a two-phase qualitative 
analysis process, this field material was analysed with a particular focus on how physical resources were used to support 
human activity. Importantly, these physical ‘artefacts’ were shown to be central to this design activity, serving as 
tangible, public ‘things to think with’. The analysis, discussion and resulting insights trespass on both research in 
engineering design and research in Human-Computer Interaction (HCI), making significant contributions to both fields. 
One motivation for this undertaking is an apparently pervasive misconception that engineering design is primarily a 
structured, individual, linear, ‘cerebral’ process rather than an exploratory, collaborative, non-linear, communicative, 
physical practice. This misconception is manifested in the theoretical, ‘hands-off’ basis of engineering education, in the 
persistence of structured prescriptive design methodologies, in the impoverished physical interactions afforded by 
current computer-based design tools, and in the ‘information-centred’ approach to studying interactions with design 
representations. 
Through detailed analysis of authentic engineering design practice, this dissertation demonstrates how design is an 
exploratory, collaborative endeavour mediated by interactions with a range of computational and non-computational 
artefacts within a rich physical space. 
A second motivation for this research is a discontent (shared by many others) with the usefulness, usability and 
interaction aesthetics of so-called ‘interactive’ technologies. The emerging research areas of ‘tangible media’ and 
‘Tangible User Interfaces’ (TUIs), for example, stem directly from the growing recognition that our existing physical 
interactions with technologies are primitive in comparison with our rich, expressive physical interactions with each 
other and with ‘mundane’ objects such as pencil and paper. 
By presenting a detailed analysis of interactions with a range of artefacts in a rich collaborative domain, this dissertation 
contributes to an understanding of how physical artefacts are used to support activity, and by extension, presents 
insights into how our interactive technologies could be designed to better support collaborative, skilful work and play. It 
further identifies design artefacts as fruitful inspirations for the design of tangible interactive technologies. 
A third contribution is made through a grounded comparison of the dominant theories of interaction within HCI. The 
perspectives of Distributed Cognition, Activity Theory, situated theories and Ecological Psychology have lent insight 
into how we draw on physical and cultural resources to support activity. This dissertation synthesises this background 
research and brings it to bear on observations made during an interpretive field study of engineering design practice. 
The ‘wicked’ nature of design problems (which by their very nature are constantly being reformulated on the path to 
determining design solutions) is found to test these theories to their limits. The subsequent insights have implications 
for researchers in both engineering design and Human-Computer Interaction. 
At a methodological level, this dissertation makes a fourth contribution by further validating an innovative collaborative 
technique for analysing and making sense of video from field studies. The ‘Video Card Game’ is a collaborative, 
exploratory technique from the Scandinavian participatory design tradition, used typically within a user-centred 
product design process. The analysis presented herein draws upon insights developed from the Video Card Game, which 
was incorporated into a broader study involving interpretive video analysis work. 
This dissertation makes contributions within a number of areas:  
-It presents a rich description of authentic engineering design practice from an insider’s perspective, 
-It provides significant new conceptualisations of how interacting with artefacts supports design activity, 
-It offers inspiration and lessons for the development of emerging TUIs, 
-It compares and contrasts dominant theories of interaction with reference to a rich interactive setting, and  
-It demonstrates the utility of an innovative video analysis technique within a research context. 
 
Keywords: Engineering Design, Design Research, Human-Computer Interaction, Tangible User Interfaces, Interaction 
Design. 
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Chapter 1 -  Introduction 
In 1995, a dozen experienced engineers were asked to share their visions of how 
engineering design would be done 25 years in the future (Spence, 1995). Interestingly, at a 
time when advances in computing and communications were rapidly revolutionising the 
industry, many engineers expressed the expectation that pencil and paper would remain 
pervasive media for designers in the year 2020. At time of writing, 10 years on from this 
original study, and despite continued advances in computing technology, any dozen 
experienced engineers could be expected to say the same thing. If we indeed live in a 
digital age, why is it that the ‘things we think with’ are more likely to be pencil and paper, 
whiteboards, and Post-it™ notes rather than computers, which are ostensibly ‘thinking 
machines’? 
This dissertation explores two areas. Firstly, it is an attempt to study and articulate how 
‘everyday’ media such as pencil and paper, and ‘smart’ media such as desktop computers 
support engineering design activity and wider activity. This range of objects and tools, 
which I call ‘artefacts’, plays a central role in supporting activity, yet research to date has 
largely neglected the physical, material characteristics of such artefacts. This neglect, 
which is perhaps a symptom of an information-centred perspective of human action and 
interaction, not only limits the utility and usability of computer-based engineering tools 
(such as Computer-Aided Design software), but is manifested in the continued portrayal of 
engineering as an inherently ‘cerebral’ activity rather than a physical one. This is not the 
engineering revealed in any close examination of engineering activity. 
Secondly, this dissertation is an attempt to gain insight into how we can better design 
computational technologies, such that they can be used more fluidly and transparently. 
Recent interests and advances in so-called ‘tangible media’ offer opportunities for new 
physical interactions with computers, beyond the traditional keyboard and mouse 
interface. However, success has been limited partly by a lack of understanding of how we 
use physical, everyday objects to support our existing ways of working. The aim for 
designers of new interactive technologies should not be simply to reproduce the interactive 
qualities of everyday objects such as pencil and paper in digital form, but to develop new 
interactive technologies that fuse the physical and digital in ways that are better than 
either medium alone. This dissertation seeks to understand interactions with artefacts in a 
media-rich domain, and in doing so provide inspiration for the design of new tangible 
technologies that enable human-computer interaction on a physical level as well as a 
cerebral one. 
In this chapter, I discuss my motives for embarking on this research, which arise out of my 
prior experiences, interests and personal background. At the same time, these motives are 
inextricably linked to the cultural, technological and academic background against which 
this research is set, so a brief overview of the state of the art in the field is given in parallel. 
This background is, in part, a distillation of the literature review chapters, and includes the 
rationale behind the use of the term ‘artefact’ in this thesis (the subsequent literature 
review chapters delve more deeply into the prior work). I then discuss my aims in 
undertaking the research; that is, what I seek to achieve through this work. I finally 
present an overview of the remainder of the thesis. 
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1.1 -  Mot ivat ion and background 
Like most work in design research circles, my research has been informed by a number of perspectives. My 
formal undergraduate training was in mechanical engineering, but a significant proportion of my 
professional experience, the endeavours of my research group, the tone of my publications (McGarry, 
Matthews & Brereton, 2000; Brereton & McGarry, 2000), and the nature of my enquiry is better 
characterised as Human Computer Interaction (HCI), Interaction Design or User-Centred Design. The 
epicentre of my research interests currently lies somewhere between the practice of mechanical design, 
human-computer interaction, and interaction design. 
While my research endeavour does straddle disciplines, those disciplines share a boundary in the very 
practice of mechanical engineering design, which I make clear as this section unfolds.  
Understanding the practice of engineering design 
For a long time I have had an interest in the mechanical world, in mechanical complexity, and in the 
machines that we make, use, and sometimes admire. An interest in things mechanical may not seem a 
surprising trait in a mechanical engineer, but what I did find surprising upon commencing university studies 
was the revelation that engineers don’t necessarily work on mechanical things in the physical world. 
Rather, we tend to work on representations of those things – more and more, we work with sketches, 
scribbled calculations, and digital models on desktop computers. The work of an engineer often is about 
designing or creating ‘something’, but design often starts in the abstract, with a meeting, or a contract, or a 
broad set of requirements. As Glock (2003) states, “Designers, in a sense, do not act in a ‘real world’ – 
engineering designers do not handle actual materials – but they operate within a transformed version of 
constructed representations in various media (drawings, words, etc.), or in ‘virtual worlds’.” (Glock, 2003, p. 
230). 
Despite this physical ‘detachment’ from the things they design, engineers do work very much in a physical 
world. Within this thesis, I investigate how engineers interact in the physical world through a range of 
physical objects to support their design activity. Such ‘objects’ could include ‘found objects’ such as pens, 
coffee mugs and other ad-hoc props, as well as what researchers traditionally call ‘representations’, 
including sketches and calculations on loose sheets of paper, notebooks and whiteboards, as well as 
prototypes or mockups of design concepts. I am also interested in how computers are used in the sense of 
‘objects’ – computers have a concrete, tangible existence and manifest themselves physically in just the same 
way as other everyday objects. Of course, computers have complexity that simply cannot be attributed to 
more ‘everyday’ objects such as pencil and paper. At the same time, computational technologies, in all their 
complexity, have an often-overlooked physical dimension, which I highlight in this thesis. 
  Chapter 1 - Introduction 
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The use of the term ‘artefact’ in the title of this thesis refers to this range of physical ‘things’ scattered 
around an engineer’s workplace. I use the term ‘artefact’ specifically because, as Huxley (1963) points out, 
we are at once the beneficiaries and victims of the linguistic tradition into which we have been born. In the 
case of the linguistic tradition within research in engineering design, the term ‘representation’ carries a 
strong sense of a semantic linkage between a ‘representer’ and a ‘represented’, or ‘signifier’ and ‘signified’1. 
For example, a technical drawing may be a symbolic and graphical representation of a component in an 
aircraft’s landing gear assembly. 
I use the word ‘artefact’ in favour of ‘representation’ to draw attention to the physicality of these ‘things’ 
above and beyond their acknowledged representational traits. In a sense, it is an attempt to break free of the 
conceptual baggage with which the term ‘representation’ is burdened. For example, a printed technical 
drawing may represent an aircraft component, but it also has concrete physical existence in its own right. It 
can be carried from place to place, passed between people, and crumpled into a ball. It can be sketched 
upon; it can be positioned face up on a desk or stuck onto a wall or whiteboard. It can be defaced, misplaced 
or stolen. It can cause nasty little cuts. It can catch on fire, or be eaten by the pet dog. An artefact is a thing, 
not just a representation of a thing. 
The term artefact also has a connotation of ‘being made’ or having personal significance – the Oxford 
English Dictionary (2004) describes the use of the term ‘artefact’ in the language as “made by human art and 
workmanship; an artificial product”2. Artefacts are the products of human activities – the correlative 
concept of ‘artefact’ is ‘author’ (Hilpinen, 1993). Archaeologically, our artefacts are not just objects devoid of 
meaning, but are representations of values and meaning within a society (Kingery, 1996). 
In Minneman’s (1991) doctoral thesis on the ‘social’ nature of engineering design, he noted tangentially that, 
at the time, the role of sketching had received little attention in design research circles, whereas formal 
engineering drawings received an undue amount of attention. Since then, research into ‘sketching’ has 
become a central element of research in design, particularly in architecture and industrial design. 
Researchers are drawn from a number of fields, and especially from the cognitive sciences. Despite this 
explosion in interest in design representations , there remains a conspicuous absence of research on how 
physical artefacts support the design process. That is, while a growing body of research exists into how 
                                                          
1 While I will not discuss Saussurean semiology (nor Peirce’s semiotics) to make this point, the interested 
reader is referred to Andersen (1990, 2001) and Bødker & Andersen (to appear) for considerations of 
semiotics in human-technology relations. 
2 The artefacts found and created in design environments undergo significant mutation in both form and 
usage over time, so I later emphasise the role of artefacts as materialised processes rather than as simple 
endpoints or ‘products’ of activity. As Bødker (1996) articulates “Artifacts are there for us when we are 
introduced to a certain activity, but they are also a product of our activity and as such are constantly 
changed through the activity.” (Bødker, 1996, p. 149) 
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representations are used to support design, those representations are rarely recognised as having physical, 
tangible qualities in and of themselves. Brereton’s (1998) work is a welcome exception, investigating how 
engineering students learn through attempting to reconcile their abstract theoretical understandings with 
the physical performance of hardware. 
In design circles, research in sketching also overshadows inquiry into how non-graphical representations 
such as written, symbolic calculations are used. However, it appears that in mechanical engineering, design 
is inextricably tied to mathematical analysis; or rather, symbolic mathematical analysis can be considered a 
part of design. The calculations and mathematical models that engineers develop appear to be used in similar 
ways to graphical representations and models such as sketches, drawings and prototypes. In short, the 
diversity and importance of modelling activities and artefacts in engineering design are not given due 
attention in the literature. 
The gulf between my early expectations of what mechanical engineering was about and what I now 
experience as a practising mechanical engineer is attributable partly to a rapidly changing profession, and 
partly to the simple naïveté of youth. I find it less easy to account for the discrepancy between established, 
widely-held ‘models’ of the design process (as first encountered in university studies) and my experience of 
design practice. 
My experience of so-called ‘design methodologies’ in undergraduate courses (for example, Pahl & Beitz, 
1984) had led me to believe that design was essentially an individual activity - a structured series of steps, 
neatly leading from a problem to a solution. In this view, engineers should do design by following the steps, 
for example, ‘identify functional requirements’, ‘decompose the functions into sub-functions’ and so on. The 
word ‘engineer’ has the Latin root ingenium, connoting skill and invention, but it appeared to me that the 
structured formulation of these prescriptive design methodologies said nothing of the skill or the steady 
pressure of intuition that good engineers and inventors are seen to draw upon. Engineering design is now 
increasingly recognised as being more complex than such design methodologies indicate:  
Design work can no longer be adequately conceptualised in terms of individual 
‘intelligence’, nor as a linear process with a set of design stages, but rather as a situation in 
which joint, coordinated learning and work practices evolve, and in which artefacts help to 
mediate and organise communication. (Perry and Sanderson, 1998, p. 286) 
While engineering students do frequently undertake project work, the communicative practices of 
engineering are not taught, nor are these practices drawn into focus in order that students reflect on them 
and come to appreciate their importance. Communication is more likely to be thought of as giving a 
PowerPoint™ presentation, than as the everyday collaborative formulation and solution of engineering 
problems. 
  Chapter 1 - Introduction 
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My naïve expectations of the engineering profession could be called ‘what engineers do’. The formalised, 
prescriptive design methodologies I learned at the university level could be called ‘how to do engineering’, 
and my presently unfolding understanding of engineering practice could be called ‘how engineering is 
done’. This thesis is inspired partly by the contradictions and tensions between these three views, each of 
which I have held at one time or another. I wish to learn more and enlighten others about ‘how engineering 
is done’, in the spirit of Bucciarelli’s (1994) book Designing Engineers, and the doctoral theses of Minneman 
(1991) and Brereton (1998). These three seminal works provide valuable and rare insight into engineering 
practice from the engineer’s point of view, and this dissertation is in part a contribution to this effort. 
Understanding the physical interactions that support engineering 
Engineers interact with a wide range of objects in physical space, in a variety of ways, in order to support 
their work. Their expressive gestures act out the dance of complex machines or create shapes in space to talk 
around. They fluidly sketch out rich, multilayered diagrams in personal notebooks, on public whiteboards, 
on printed design drawings and wherever else they need to think through or communicate their ideas. 
Engineers’ rich physical interactions with each other and with this variety of media stand in particularly 
sharp relief against their interactions with computers - their strained, mouse-wielding hands make little 
clicky noises as they hunch over their desks, squinting to see a small arrow-shaped cursor move around a 
glowing computer screen. 
Perhaps the prime motivator for undertaking this thesis, beyond better understanding and describing 
engineering practice, is a discontent with how engineers interact with the technologies designed ostensibly 
to support them. While the power of computer hardware and software continue to develop exponentially, 
the physical and emotional experience of using a computer is still, in most cases, akin to that of using a 
typewriter, though lacking something of the physical satisfaction, tactile feedback and dependability of a 
typewriter. We frequently laud the sophistication of computer-based tools and the revolution they have 
brought about in how we act and interact, but in the meantime we seem to have forgotten the important 
role that the frequent, impromptu interactions with everyday physical objects play in supporting activity. 
Theory from the field of Human-Computer Interaction (HCI) can offer useful insights into human 
interactions with computers and also with more ‘mundane’ artefacts such as pencil and paper. Such 
everyday artefacts are primitive in a computational sense, but offer a range of interaction possibilities that 
current computational artefacts (e.g., desktop computers) have yet to match. Hence some HCI theory can be 
meaningfully applied to interactions with non-computational artefacts, and conversely, studying 
interactions with non-computational artefacts can inform the design of new computational technologies. 
Winograd and Flores (1986), arguably the catalysts for the mainstream HCI movement, claim that the 
greatest challenge in designing new interactive technologies lies in discovering the true ontology of humans 
Things to Think With 
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with respect to computers. What is a computer? A tool? A medium? A conversation partner? A conversation 
medium? Components of an organisational system? All of the above? None of the above? The development 
of computer systems, argue Winograd and Flores, should be based on studying how people use them, why 
they use them, and what problems arise in the process. 
Accelerating technological development and developments in our understanding of how we can and should 
interact with technologies are widening the horizon of our potential interactions with computers. The 
proliferation of various research areas such as ‘tangible computing’, ‘ubiquitous computing’, ‘context-aware 
computing’ and ‘pervasive computing’, suggest that the study of human-computer interaction is now 
effectively a ‘boundless domain’ (Barnard et al, 2000). Common to these research domains is the recognition 
that we are beings who interact in a physical world, and hence our technologies should be an integral, 
embedded part of that everyday physical world. In this view, as first articulated by Weiser (1991), 
computational technologies should be natural extensions of ourselves, designed to suit our physical, 
perceptual and social abilities: “Machines that fit the human environment instead of forcing humans to 
enter theirs, will make using a computer as refreshing as a walk in the woods.” (Weiser, 1991, p. 75). 
The general shift away from the traditional ‘desktop’ computer is catalysing three broad research areas 
(Abowd, Mynatt & Rodden, 2002): 
-The development of new models of interaction between humans, technologies and the physical world 
-The emergence of methods that focus on gaining richer understandings of settings, and 
-The development of approaches to assess the utility of emerging technologies 
In terms of models of interaction, the HCI community has drawn on three established theoretical bases – 
Distributed Cognition (DCog), Activity Theory (AT), and situated theories of action (Abowd et al, 2002)3. 
Distributed Cognition is essentially a widening of the scope of the ‘traditional’ cognitive sciences, such that 
the traditional information-centred computational models of internal human cognition are brought to bear 
on the wider system of a collective of humans in a social and physical environment. Activity Theory, 
grounded in early 20th century Soviet social psychology, emphasises the cultural foundation and setting in 
which human activity takes place, paying particular attention to the artefacts that we inherit through 
culture, and further augment through purposeful activity. Situated theories, grounded in sociology and 
anthropology, frame the relationship between humans and the world as ‘reciprocal interaction’ or ‘mutual 
constitution’, where human activity is seen as improvisational and bound to a context and community 
(‘situated’) rather than as a scripted plan, independent of context (as per more ‘cognitive’ theories). 
                                                          
3 These theories and others are dealt with in detail in Chapter 3 - Literature Review II and used throughout 
the discussion in Chapters 5-8. 
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Djajadiningrat, Wensveen, Frens and Overbeeke (2004) argue that while these three theories are important, 
researchers in HCI need new ways of thinking about Tangible User Interfaces (TUIs) that go beyond the 
theories used in the design of traditional GUIs (Graphical User Interfaces). Djajadiningrat et al. see the 
interfaces of most electronic products as ‘stuck on’, appearing as something of a last-minute addition to the 
design rather than integrated with the form and interaction flow of the product. They argue that this 
shortcoming is a manifestation of the information-centred assumptions about human activity that underlie 
those designs. They note that products and controls look and feel the same; there is little differentiation in 
the appearance and repertoire of actions. To them, most TUIs under development are just ‘GUI thinking in 
disguise’ – ‘physical icons’ requiring high level interpretation on behalf of the user. Djajadiningrat et al. 
suggest that there is significant and unexplored aesthetic potential in the diversity of motor actions that are 
possible with interactive physical objects, as opposed to traditional keyboard and mouse interfaces. They 
argue that Ecological Psychology (as per Gibson (1977, 1979)) can offer useful insights into the development 
of tangible interfaces that are more than physical implementations of traditional graphical user interfaces. 
The broader question of how (and whether) theory can be of value in the design of quite different 
interactive technologies is increasingly being posed by researchers and practitioners alike. Indeed, “the 
means of communication between theory and design practice is probably the most significant challenge for 
the new millennium” (Sutcliffe, 2000, p217). Rogers (2004) surveys a range of research addressing this 
question, from advocates of a strong theoretical foundation (e.g. Hollan et al., 2000) to those who argue that 
theory should be abandoned in favour of developing more empirically-based methods to support 
interactions with new technologies. Her overview shows that in the early years of HCI, theory was 
primarily informative, predictive and prescriptive, whereas the newer approaches (including those 
addressed in this thesis) provide descriptive accounts, are explanatory, provide analytic frameworks, are 
formative and are generative of new design constructs. She points out that the rise of extensive and detailed 
accounts of real-world phenomena (as opposed to laboratory tests) has reveal a rich range of social and 
cognitive mechanisms in the human-human and human-artefact interactions. She argues that the value of 
theoretically-based approaches in HCI is that they lay the foundation for a common conceptual ‘language’ 
for researchers and designers of interactive technologies, and that researchers must identify areas of 
conceptual ‘richness’ in order to developing that language. This thesis contributes towards this effort by 
bring a range of theoretical approaches to bear on a particular domain, with a view to identifying how each 
can contribute towards a better understanding of that domain. 
The similarities and differences between using a computer-based tool and, say, a pencil and paper sketch, 
are observed and experienced in authentic, everyday engineering practice. Existing theory used within HCI 
can indisputably offer some insight into the use of both computational and non-computational artefacts, but 
this contrast in interactions has not been well articulated in engineering research. These differences in 
interactions appear to have an important bearing on how such tools are used, not only in the engineering 
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domain but in all areas where we interact with physical objects to support our activity. These differences, in 
turn, have significant implications for those who would design tangible interactive technologies for 
engineers and for applications outside of the engineering domain. 
Reintegrating the physical with the physical 
I share with many others a profound respect for people who work with their hands, from mechanics to 
musicians to artisans. I was genuinely disappointed when I realised that the work of a mechanical engineer 
was not necessarily closely related to the work of a mechanic. Like many mechanical engineers of my 
generation, I must confess that my knowledge of kinematics, thermodynamics, solid mechanics, fluid 
dynamics and computer systems far surpasses my ability to fix my car’s engine. I love the heft of a large 
spanner in my hand, although, having little idea how to fix my car with it, I’m just a guy holding a large 
spanner, which can look odd in some situations. Within my group of engineering peers, to ‘get your hands 
dirty’ means to do some tricky mathematics, and within the curriculum of my undergraduate mechanical 
engineering degree, the closest I got to an engine was peering at one through soundproofed glass in a 
laboratory. 
I also have an admiration for the particular type of mechanical engineer who can fluidly shift between 
theoretical analysis and real-world embodied ‘know how’, relating abstract mathematical equations to the 
physical, touchable world they describe. At the same time, I note with curiosity the growing chasm between 
engineers’ hands and the objects they design. Engineering education currently seems heavy on theory and 
mathematics, and light on developing an understanding of the physical significance of that theory. In 
engineering practice, the range of software and ‘rapid prototyping’ manufacturing technology allows designs 
to be developed, iteratively refined through virtual testing, and produced as solid components, all from the 
discomfort of an office chair in the space of a few hours, using a computer. In the process, all the engineer 
needs to handle are a keyboard and mouse. 
Part of the power of modelling through computers (and more traditional representational media such as 
sketches, scale models or mockups) is to allow drastic revisions and reconfigurations to be made to a design 
with little investment of time, money, labour or materials. Working on and modifying a representation of a 
jumbo jet is a lot cheaper than modifying a jumbo jet. Indeed, the ability to create, make sense of and 
manipulate representations is a cornerstone of our intelligence and the distinctive characteristics of humans 
as a species (Cole, 1990). An inevitable consequence of this decoupling of the ‘designing’ and ‘making’ of 
things is a disjunction between our hands and the things we bring into being. 
This disconnectedness between the physical world in which we design and the physical world in which our 
designs are built is exacerbated by the primitive range of interactions that our computers can recognise. My 
experience of designing using 3D CAD (Computer Aided Design) software is a good example. I use a 
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keyboard and mouse to drive computer software that lets me produce 3D-looking representations of, for 
example, machine components. Frequently I find myself thinking, “I just want to make this shape”, which is 
easy to do through gesturing or sketching, but difficult to translate into the terms that the computer will 
accept as input (i.e. keystrokes and mouse movements). 
Describing the engineers and designers trained before the IT boom, Woolley (1999, p.120) notes that “a 
generation of designers has been relatively weak at building directly on their traditional skill-base and have 
had to adapt to the machine, rather than harness existing hand/eye skills to machine intelligence.” Even 
worse, I would add, the most recent generation of engineering designers have a strong skill base in computer 
science and mathematics, but lack altogether the traditional hand/eye skills associated with sketching or 
tinkering with physical machines. 
Tangible computing offers opportunities to reunite our physical worlds with the physical worlds of our 
designed objects. By augmenting our computer interfaces, we can engage in richer physical interactions 
with the things we design as we design, which in turn can begin to dissolve the disjunction between our 
hands and the things we make. In turn, engineers could more easily build embodied understandings of 
physical systems, and more fluidly relate their bodily understandings to abstract mathematical 
representations of those systems. Through tangible computing, engineers’ theoretical understandings and 
their hands can be reintegrated with the physical world. In Clark’s (1997) words, we could put the brain, the 
body and the world back together again. 
The common thread running through these guiding motives is a desire to understand and reveal the 
relationship between engineers and their tools, with a view to making better tools. Is it really true, in 
McLuhan’s (1964) terms, that we shape our tools, and thereafter our tools shape us? If so, what do we want 
to be as engineers and as people, and how should we design our tools accordingly? 
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1.2 -  Aims 
There are two clear overarching aims behind this research: 
To better understand interactions with artefacts in engineering design 
Through this research, I aim to observe, document, analyse and better understand the interactions that 
engineers have with artefacts to support design activity. To date, studies of the use of representations in 
engineering have paid little attention to the materiality and physicality of those representations, focusing 
instead on design as essentially an ‘internal’ cognitive process. I seek to redress this imbalance through 
investigating authentic engineering design practice, paying particular attention to engineers’ use of physical 
artefacts within the design environment. 
To evaluate existing frameworks for understanding interactions 
Through this research, I aim to compare and contrast how the dominant theories of interaction within HCI 
can account for the interactions evident in engineering design activity. Distributed Cognition, Activity 
Theory, situated theories and Ecological Psychology are established, popular analytical orientations towards 
human-technology relations, each of which offers unique perspectives on the roles of embodied knowledge, 
tools, the physical world, culture and social interactions. These theories will be brought to bear on my 
observations of engineers’ interactions with artefacts, with a view to evaluating their relative merits in 
fostering new understandings of these interactions. 
These theories say relatively little about issues of social diversity, conflict and power (Holland and Reeves 
1996). While I recognise that technology is both a shaper of and shaped by values, I direct the reader to 
other authors (Mumford, 1934, 1967; Winner, 1980; Latour, 1986, 1987, 1992, 1999; Bijker & Law, 1994; 
Hughes, 1989) for wider considerations of the politics and ethics of artefacts, technology and engineering 
design. 
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1.3 -  Outcomes 
To better support the practice of engineering design 
A more thorough understanding and account of the nature of engineering design is in itself a valuable 
contribution to the field, as such demonstrations are still needed within the engineering design community 
(Minneman, 1991; Matthews, 2004). Such knowledge, put to use, can lead to improved education, tools and 
work practices within engineering and related disciplines. The broad appeal of work by Bucciarelli (1994), 
Minneman (1991) and Brereton (1998) is testament to the value of rich, illustrative accounts of engineering 
design practice. 
This dissertation aims to better understand how engineers use artefacts to support design activity, which can 
feed into the development of more appropriate tools for engineers (Lindemann, Assman & Stetter, 1999). 
Such tools could dissolve the existing disjunction between engineers’ hands and the objects they design, in 
turn facilitating the development and use of embodied understandings of the physical world, and enabling 
engineers to once again interact physically with the objects they design. 
To design better tangible computational devices 
The theoretical perspectives listed above are currently attracting particular attention from researchers and 
developers in the field of Tangible User Interfaces (TUIs) (Abowd et al., 2002). To date, the field has not 
been able to rigorously proceed far beyond “proof of concept” examples (Fishkin, 2004). To move forward, 
we require a better understanding of how we use both everyday physical artefacts and ‘computationally-
enhanced’ artefacts such as desktop computers (which also have physical properties). The design of new 
technologies is best informed by an understanding of why existing ways of working are successful (or not) 
(Minneman, 1991; Suchman, 1987; Wellner, Mackay & Gold, 1993; Winograd and Flores, 1986). An 
engineering design environment constitutes a particularly interesting domain in which to study the use of a 
range of physical artefacts and representations, and so this dissertation can offer a valuable contribution to 
the design of new tangible interactive technologies. 
To gain insight into how to study interaction 
Abowd et al. (2002) note that the emergence of new tangible interactive technologies is being made possible 
by new models of interaction, and the emergence of methods that focus on gaining richer understanding of 
settings. This dissertation contributes to both these endeavours, by comparing and contrasting those theories 
of interaction in the light of an ethnographically-inspired study of design activity. This interpretive study 
used a collaborative method of theme generation, the Video Card Game (Buur, Binder & Brandt, 2000; Buur 
& Soendergaard, 2000;), as a precursor to the detailed individual qualitative video analysis work. The 
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ultimate purpose of these analytical orientations and methods is to ‘make sense’ of how people physically 
interact with their environment, such that we can design technologies that are grounded in those 
interactions. In seeking to reveal the nature of engineers’ interactions with artefacts, this dissertation can 
also offer insights into how to study interaction in other domains. 
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1.4 -  Overv iew of  thesis  
Chapter 1 - Introduction has outlined the motives for embarking on this research, has sketched out the 
current cultural and technological backdrop and current state of the art in research, and has presented the 
two overarching aims of this dissertation. 
Chapter 2 - Literature Review I presents a brief history of research in engineering design, condenses an 
array of research on representation and modelling in engineering, and presents research on the relationship 
between computing and engineering design.  
Chapter 3 - Literature Review II provides a survey of literature on human action and interaction with 
technology, focusing on the theories of Distributed Cognition, Activity Theory, situated theories and 
Ecological Psychology, but also drawing on theory from hermeneutics, phenomenology, Situated Cognition 
and Actor-Network Theory. While I have attempted to provide an extensive account of related research, I 
must warn, stealing Umberto Eco’s (1995) pun, that the number of things which are not in the literature 
review is so high that it would be impossible to find room for one more missing item. These two literature 
review chapters could roughly be called ‘research on the domain of engineering design’ and ‘perspectives on 
interaction in any domain’, though many works bridge these two areas (e.g., some of Donald Schön’s work is 
concerned with interactions with design media in the engineering domain). 
Chapter 4 - Method and Data discusses possible (and historical) approaches to studying engineering design 
practice, then details and justifies the particular qualitative approach taken, with reference to the aims of the 
research. The ethnographically-inspired field studies are then described in detail, followed by an account of 
the two-phase interpretive video analysis that was conducted to make sense of the field data. The nature of 
the relationship between the video data and the transcripts presented throughout the discussion (and 
included in entirety in the Appendix) is discussed at the end of the chapter. 
The subsequent four chapters constitute the discussion. 
Chapter 5 - Artefacts as Participants in Designing sets the scene for the discussion by illustrating, through 
field data, how artefacts do more than just ‘represent the design’ - engineers are seen to engage artefacts as 
participants in an ongoing dialogue. 
Chapter 6 - Artefacts are dynamic perspectives onto the design explores how artefacts are engaged by the 
engineers to support the dynamic definition and redefinition of the design problem and solution. This 
conceptualisation is used in conjunction with the field data to identify a number of new insights into how 
physical artefacts are used to support design. 
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Chapter 7 - Constellations of Artefacts extends the analysis of artefact use to include the frequent instances 
where engineers concurrently interact with multiple related artefacts, drawing on the concept of 
‘indexicality’. Design artefacts are seen as being used in ‘constellations’, by tracing the unfolding use of a 
particular artefact through the course of a number of negotiations that draw on a range of other artefacts. 
Chapter 8 - Shared Artefacts, Shared Context, Shared Use focuses on the collaborative aspects of artefacts in 
engineering design – when the engineers (attempt to) share their artefacts. The field data is used to present 
issues of developing a shared language and sharing trust in artefacts. The section concludes by highlighting, 
through field data, the relationship between the physical and social aspects of artefacts – their shared use. 
Finally, Chapter 9 - Conclusions presents conclusions with respect to the two aims of this thesis: 
understanding interactions with artefacts in engineering design, and evaluating existing frameworks for 
understanding interactions. A range of implications of this research are presented with regards to supporting 
engineering design practice, designing tangible computational devices, and studying interaction in general. 
The chapter concludes with a statement of contribution, reflecting on the lessons learned in this 
dissertation, and providing recommendations for further work. 
 
  15 
Chapter 2 -  Literature Review I: 
 
Understanding design and engineering 
This chapter presents an overview of literature relating to the practice of engineering 
design. A brief history of design research is outlined, followed by reviews of prior research 
in modelling and representation in engineering design, and on the interrelationships 
between computing and engineering. The chapter is completed with a summary. 
Neither this chapter nor the subsequent literature review chapter are intended as definitive 
treatises on the state of knowledge in the field. Rather, they should serve as a background 
to the study and a primer for the subsequent discussion chapters, in which further details 
of this prior research are presented with reference to specific examples of engineers’ 
interactions. 
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2.1 -  A br ief  h is tory of  design research 
The domain studied in this thesis is a mechanical engineering office, and this chapter looks in particular at 
research into the ‘design’ that takes place in such a domain. Mechanical engineering is a flavour of 
engineering focusing on the movement of matter and energy on a roughly human scale (as opposed to, say, 
the scale of particle physics or cosmology). Mechanical engineers typically work with the generation, flow 
and use of energy, for example the energy conversions taking place when fast moving water flows through a 
turbine, when fuel combusts in an engine, or when air flows over a wing. 
Engineering is strongly grounded in physics and mathematics, and mechanical engineering sees those base 
principles manifested as thermodynamics, aerodynamics, fluid dynamics, mechanics and so on, in fields such 
as manufacturing, automotive, aerospace, minerals processing, water treatment, power generation. Good 
engineers bring a degree of invention to their work, whether in the design of new technology or working 
with existing technologies. 
The practice of mechanical engineering, including the design aspects, has changed dramatically since its first 
clearest emergence during the Industrial Revolution. The past 20 years have seen accelerating change with 
the commodification of sophisticated computer software (see Section 2.3) and quantum leaps in 
communication and information technologies. As the nature of mechanical engineering and mechanical 
design changes, we need a better understanding of how engineering is ‘done’, and a better grasp of how best 
to develop and take advantage of interaction technologies to support this changing practice. This thesis 
contributes to this effort by providing a detailed analysis of mechanical engineering practice, looking at the 
use of both computational and non-computational artefacts and their roles in supporting design. 
As Krippendorf (2000) and Matthews (2004) point out, research into design is unique in that it spans a 
number of traditionally disparate disciplines. It can be considered as relating to the physical sciences in that 
it is concerned with the development and production of technology. It can be considered as relating to the 
arts when viewed as a creative practice, or the social sciences when viewed as the activity of those whose 
task it is to design. It could even be considered as relating to ethics in the sense that design research is the 
study of what should be (Matthews, 2004). 
The mid-20th century arguably saw the first emergence of the field of ‘design research’, which at the time 
centred on a rational, systematic understanding of design. Early work in design research echoed the then 
prevalent modernist sentiment that science can universally provide insight into ‘how things are’ and that 
science and technology are the basis of human progress. This view is widely held to have been first 
articulated in design circles through the work of Alexander (1964). From the 1960s onwards, this paradigm 
of design grew, drawing on promising research in management science and formal methods. The view of 
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design as a systematic, problem solving process flourished in the 1970s to 1990s, fuelled by the computer 
boom and associated automation and rationalisation of production and manufacturing.  
The view of design as problem solving dominated, most clearly expressed theoretically in Simon’s (1981) 
The Sciences of the Artificial, and practically in prescriptive design methodologies such as in Pahl and Beitz 
(1984). Simon’s (1981) model treated design as a process of moving from problem to solution by navigating a 
‘problem space’. In this view, design could be treated as a wayfinding or an optimisation problem, where 
logic could be used at each step in the process to determine the right direction in which to proceed. Pahl 
and Beitz (1984) mirrored this view in their formulation of engineering design as a process of ‘functional 
decomposition’, in which a problem was broken down into a number of sub-problems, which could be 
solved independently and reintegrated to produce a design solution. The concurrent development of 
cognitive science and computer science at this time saw growing synergy between research in Artificial 
Intelligence, expert systems, formal methods and so called ‘design science’. 
From the mid 80s, mixed success in developing computer-based design automation and a growing 
disappointment in artificial intelligence in general saw design research take an increasingly ‘human’ bent, 
challenging the ‘hard’ design science approach on a number of fronts. 
Researchers increasingly acknowledged the value of unarticulated expertise and tacit knowledge – for 
example, Vincenti’s (1990) account of engineering knowledge and practice juxtaposes ‘engineering 
knowledge’ with ‘scientific knowledge’, which he argues are about ‘knowing how’ and ‘knowing what’ 
respectively. 
The practice of design was increasingly seen as an organic, socially-mediated, figural activity, rather than a 
linear, individual, rational, systematised process (Bucciarelli, 1988, Minneman, 1991). Petroski (1985, p. 140) 
described design as “the disassembling and reassembling of the parts of nature”, in comparison with Simon’s 
(1981) view of design as a ‘science of the artificial’. 
Perhaps the strongest voice in design circles was that of Donald Schön, who in his book The Reflective 
Practitioner (1983; see also Schön, 1987) argued the need for professionals of all disciplines to be reflective 
practitioners. In his later work in design (Schön 1990, 1992, 1994), he describes design as a reflective 
conversation with the materials of a design situation, directly countering Simon’s model. Schön argues that 
Simon’s view of the design problem as pre-existing and well-defined inadequately accounts for authentic 
design practice: much of the work that designers do is in defining the problem. Rather than being the 
starting point of the design, Schön argues, the design problem evolves over time – designers continually 
redefine the problem and the goals in the course of designing (see also Schön and Wiggins (1992). Unlike 
Simon’s model of design proposals as separable points in a space, Schön argues that design proposals are 
figurally complex – modification of one element affects the meaning of other elements. 
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Minneman (1991) was the first to explicitly describe design as a fundamentally social process, emphasising 
the importance of communicating and making one’s own design activity available to the group. His seminal 
work was ostensibly based on a series of short design workshops but in reality was grounded in a 
longitudinal study within a large industrial corporation. Minneman argues that designing should be viewed 
not just as a technical endeavour, but also as a social endeavour. It is only by sharing and communicating 
their understandings of the design that teams of designers are able to do design. 
Bucciarelli’s (1988, 1994) ethnographically-inspired studies of engineers are perhaps the most evocative 
accounts of engineering practice. His work is based on observations of or participation in design activity in 
the domains of photovoltaic cells, x-ray equipment and photo print-processing machines. He articulates the 
notion of ‘object worlds’ to describe how different designers relate to the same artefact being designed. Each 
designer has their own ‘object world’ that constitutes a link between the representations they work with 
and they actual object they represent. Since each designer has their own ‘object world’ and their own 
perspective on a given design problem, “designing is a process of bringing coherence to the differing 
perspective of participants.” (Bucciarelli, 1994, p. 187). 
Bucciarelli (1994) sees design as a ‘shared vision’, existing in a social milieu rather than in physical form: 
The shared vision, as some synthetic representation of the artifact as a whole, is not in 
documents or written plans. To the extent that it exists as a whole, it is a social construction 
– dynamic, plastic, given nuance and new meaning at each informal gathering of two and 
three in a hallway or at formal meetings such as scheduled design reviews. (Bucciarelli, 
1994, p. 159) 
Ultimately, engineering design can be seen as having elements of both rational, linear problem solving and 
intuitive, reflective, emergent exploration (Holt & Radcliffe, 1992; Dorst, 1997). Indeed, since much of 
engineering design involves modelling and analysis as designs are progressively refined, engineering design 
relies heavily on the engineer’s ability to fluidly shift between various ‘ways of thinking’ (Brereton, 1998). 
The next section discusses the role of modelling and representing designs in engineering practice. 
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2.2 -  Representat ion and model l ing in engineer ing design 
Design cultures or styles are intrinsically tied to the way in which each constructs 
representations of their ideas. Such representations – sketches, drawing, prototypes – are the 
heart of design work and constitute the space in which ideas are defined, refined and 
negotiated. (Henderson, 1998, p. 139) 
Representation is not a question of creating an illusion… The important thing is to 
acknowledge that it is a representation and to see what we can get out of it. (Binder, 1996, p. 
54) 
Literature on the role of mathematical modelling in engineering design is somewhat sparse, though 
mathematical models are at the core of engineering research. Bucciarelli (1994) provides a welcome 
contribution, discussing how engineers construct theoretical analytical models of the world in order to 
understand and (ideally) improve it. He describes the deliberate acquisition of the reductionist, analytical 
perspective adopted in engineering analysis as learning 'not to see'. Much of the initial work in analysing, 
for example, stresses in a bridge, is in the formulation of an abstract, platonic distillation of the complex 
real-world object or system such that established mathematical tools can be brought to bear on it. 
Mathematical modelling is indisputably an important tool for engineers, and Brereton’s (1998) work 
demonstrates why, by focusing on how engineering students work across the boundaries between 
mathematical abstractions and real world experiences with hardware in order to learn engineering concepts. 
Her work is unique in that it explores mechanisms of learning with material systems, rather than how 
people accomplish tasks through working with material systems (this latter domain is the subject of the next 
literature review chapter.) Brereton identified that students discover fundamental concepts in engineering 
by negotiating between their prior experience, their understanding of equations and theory, and their 
explorations of physical objects. Complimenting Schön’s (1990) notion of design as a reflective conversation 
with the materials of a design situation, Brereton (1998, p. 149) presents a model of learning as “negotiations 
to reconcile abstractions with hardware.” For example, students’ negotiations around bathroom scales 
during mechanical dissection exercises brought to light their incorrect implicit assumption that the set of 
scales was a rigid body. 
Brereton (1998) and Brereton and McGarry (2000) argue that design thinking is heavily dependent upon 
references to physical objects, and that designers seek out physical props to help then think through design 
problems and communicate design ideas. 
Hardware is seen to play a number of roles in supporting design thinking and communication, as the 
following table outlines (from Brereton & McGarry, 2000, Table 1, p. 219): 
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Table 2.1 - Roles of Physical Objects in Supporting Design 
The Roles of Physical Objects and Prototyping Materials  
in Supporting Design Thinking and Communication 
Hardware as a Starting Point 
Hardware is tangible. It exists. It serves as a starting point: it easily noticed, 
remembered, seen and touched. It offers a basis for comparison. 
Hardware as Chameleon 
Hardware is always in a context of use. What the hardware reveals depends upon the 
context of use. A variety of informal experiments in different contexts reveals different 
facts. 
Hardware as Thinking Prop 
Hardware objects have all sorts of properties that afford different actions. Hardware 
that was easily accessible and had a useful property was adopted as a gestural aid to 
support thinking. 
Hardware as an Episodic Memory Trigger 
Episodes of experiences with physical objects serve as memory devices. 
Hardware as Embodiment of Abstract Concepts  
(Functional and Theoretical)  
Observing and testing hardware reveals fundamental concepts, physical embodiments 
of abstract concepts; and unanticipated design issues in hardware behaviour 
Hardware as Adversary 
Challenging theoretical model predictions against hardware behaviour reveals 
discrepancies and provides clues to modelling errors. This reveals theoretical 
assumptions, and causal relations 
Hardware as Prompt 
Device behaviour prompts student questions and suggests experiments. Through 
repetitive interaction with hardware, students bring order, distilling out key 
operational parameters and their relationships. 
Hardware as a Medium for Integration 
Integrating components in their functional context reveals practical limits of use, 
characteristics of operation, methods of connection, causal relations, and physical 
quantities.  This empirical knowledge extends the student's hardware repertoire. 
Hardware as a Communication Medium 
Hardware is integral to learning communications, affecting the course of inquiry, idea 
generation, discovery and the dynamics of group interaction. Hardware is used to 
command attention, to demonstrate and to persuade. 
 
This work thus reveals that a design object’s physicality is central to its utility in supporting learning, and 
hence its utility in supporting design. 
This importance of the ‘physicality’ of design artefacts is a theme that has been touched on elsewhere. 
Minneman and Harrison (1996) studied videos of designers at work, as part of the Delft workshop sessions 
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reported in Cross, Christiaans & Dorst (1996). Minneman and Harrison conclude that objects are more than 
a source of information; they are constituents of the activity. Objects were also found to be constituents of 
and frames for the communications, and they altered the dynamics of interaction, especially in multi-
designer settings. Minneman and Harrison also showed that communications are more robust because of the 
introduction of objects and references to them, and inferred from this that some qualities of the information 
are more robust as well. They suggest that a follow-up study might look at “How do embodied 
representations (using hands to animate or tape measures for struts) compare with drawings? What is their 
relationship? Is this the same kind of externalisation?” (Minneman & Harrison, 1996, p. 435) 
Radcliffe and Logan (1998) studied a cross-discipline rehabilitation engineering team comprising engineers, 
orthotics specialists and physical therapists. They analysed the relationship between the use of artefacts, 
gestures and actions in design conversations and the words that accompanied their use. They noted an 
interdependence between talk and “artefacting” – the combination of talk and action provided more detailed 
information to other participants than did oral presentation alone. 
Bucolo and Brereton (2004) compared Industrial Design students undertaking design reviews using ‘3D’ 
representations projected on screens with students undertaking reviews using traditional media such as 
drawings and foam models. While looking more sophisticated, the ‘virtual’ models projected on the screen 
did not easily provide access to detailed information. Bucolo and Brereton found that students pointed far 
less at the ‘virtual’ models, and compensated for the level of detachment through interaction techniques 
such as pantomimes of intended use and verbal descriptions that relied heavily on the students’ prior 
experience. The study concluded that the medium alters the nature of the conversation within the design 
review process. 
Lindemann, Assmann and Stetter (1999) studied engineers designing a new type of a composite mountain 
bike frame that flexes to provide suspension. Their case study made apparent the fact that many functions of 
models in design are not satisfactorily addressed by the commonly used CAD models. Through their 
observations, they found that  
“to “feel” a product and its performance, in addition to see and imagine it [sic], seems to 
assist mechanical designers to a great extent. … the development of virtual models that 
address the complex needs of mechanical designers and answers for the question how they 
can be applied effectively are challenging tasks for future research.” (Lindemann et al., 1999, 
p. 261) 
Through her studies of designers at a high precision optical firm, Henderson (1995) showed how design 
prototypes provide empirical information on which designers base comparisons of competing concepts. 
Prototypes were also seen to permit the function of a concept to be trialled, and were seen to provide 
information about ‘use’ – how a product ‘feels’ and so on. 
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Chandraskaran (1999) made similar conclusions after studying the types of information that designers can 
glean from models. He showed how clay or plastic models may serve not only as sources of information 
about purely spatial properties like form, size and proportion but also as sources of functional information – 
information about using the object. He calls such objects kinesthetic representations – they evoke an 
impression of what it would be like to use the real thing.  
From a product development perspective, Schrage (1993, 1999) has written persuasively on the role that 
prototyping in general plays in generating new concepts. He uses case studies to illustrate empirically how 
models, prototypes and simulations can facilitate the collaborative interactions that lead to innovation. 
Erickson (1995, p. 38) makes a similar point regarding the communicative role of artefacts, arguing that 
“regardless of the explicit reason for their creation, many design artifacts play a role in catalyzing 
communication among the various audiences involved in the design process”. He discusses prototypes in 
terms of the roles they play in the design process. Vision prototypes are used in exploratory stages of design 
to capture a high-level picture of a concept. They are usually some sort of tangible representation with an 
embedded story or scenario communicating how it helps people with the things they care about. Working 
prototypes emphasise the form, interactivity and visual appearance of the product, but not strictly how the 
product fits with the user’s activities. They embody the current state of the design, serving as a medium for 
interaction and reflection amongst designers. 
Also from a product development perspective, Ulrich and Eppinger (1995) identify four roles of prototypes: 
• Learning – how will it work? How will customers use it? 
• Communication – to facilitate communication with the various stakeholders in the design 
• Integration – to validate the design – does everything fit together as planned? 
• Milestones – to demonstrate the project’s progress and the product’s functionality 
Buur and Andreasen (1989) undertook a study on the types and properties of models that support different 
phases of a mechatronics design project. They introduce a model morphology to guide designers as to what 
models might be appropriate at each stage, and argue that new types of models are needed in the early stages 
of mechatronic product development. 
The role of sketching in particular receives a great deal of attention from a wide range of theoretical 
perspectives, perhaps because of its ubiquity across various design cultures and in everyday life. Purcell and 
Gero (1998), for example, present a thorough overview of research on sketching in design. 
Ullman (1990) has identified six roles of sketching in mechanical engineering: 
1. To archive the geometric form of the design. 
2. To communicate ideas between designers and between the designers and manufacturing 
personnel.  
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3. To act as an analysis tool. Often, missing dimensions and tolerances are calculated on the drawing 
as it is developed. 
4. To simulate the design. 
5. To serve as a completeness checker. As sketches or other drawings are being made, the details left 
to be designed become apparent to the designer. This, in effect, helps establish an agenda of design 
tasks left to accomplish. 
6. To act as an extension of the designer's short term memory. Designers often unconsciously make 
sketches to help them remember ideas that they might otherwise forget. 
Regarding the sixth of Ullman’s roles, Scaife and Rogers (1996) use the term 'computational offloading' to 
describe how external representations can reduce the mental effort involved in achieving tasks. A more 
thorough discussion of the role of external representations in general (i.e. outside the engineering domain) is 
presented in the next chapter. 
Based on their studies of architects at work, Suwa and Tversky (1996) describe how drawings facilitate 
problem solving by providing visual cues for the development and refinement of their ideas. 
Fish (1999) likens sketching to the process of ‘catalysis’ in chemical reaction. He suggests that sketches 
amplify the mind’s ability to translate back and forth between descriptive thoughts represented in linguistic 
working memory and depictive thoughts represented in visuo-spatial working memory – in a sense, the 
sketch is the catalyst for the ‘reaction’ of visual invention. 
Goldschmidt (1991, 1994, 1996) describes sketching as a “dialectical” process; meaning emerges self-
referentially through the very act of sketching. She also notes that designers frequently perceive new 
combinations and relationships among sketched elements which the designer did not anticipate when they 
were being depicted – “one reads off the sketch more information than was invested in its making” 
(Goldschmidt, 1994, p. 164). 
Henderson (1995, p. 276) conceptualises a design as being “constructed and reconstructed through the many 
lives of a drawing in its transmutations from flat paper to three-dimensional object, back again to paper, and 
so on – a series of overlapping metamorphic dyads that capture empirical knowledge in daily practice.” This 
is congruent with Roth’s (1986) conception of engineering design as a propagation from model to model 
(reported in Andreasen, (1994)). In this view, prototypes are “interim concrete manifestations of the design” 
(Henderson, 1995, p. 278).  
Henderson (1995) also argues that sketches increase the status of an idea by making it more concrete and 
visible, and facilitate the modification of ideas through making them specific enough to be shared. In her 
earlier work, Henderson (1991) introduces the idea of design representations as ‘conscription devices’, since 
these representations: 
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 … enlist the participation of those who would employ them in either the design or 
production process, since users must engage in the generation, editing, and correction of 
drawings during their construction if the design is to serve its intended function. 
(Henderson, 1991, p. 452) 
She notes that the conscriptive quality of these representations is very strong – if a visual representation is 
not brought to a meeting of the parties involved, someone will leave the meeting to fetch it or sketch on the 
whiteboard so group members can understand one another. She argues that since design representations are 
the product of interaction between designers, the representations serve as a ‘social glue’ - “The drawings and 
sketches themselves structure the work process as well as its product.” (Henderson, 1991, p. 449). 
Perry and Sanderson (1998) also explicitly acknowledge the roles of designers’ sketches, objects, prototypes 
and other design representations in coordinating collaborative design practice: “Artefacts form a part of the 
process of product design whilst at the same time orienting the participants to the cooperative aspect of their 
work.” (Perry & Sanderson, 1998, p. 287). 
Schmidt and Wagner (2002), similarly articulate how the multiplicity of artefacts play not only 
representational roles, but coordinative functions.  
As they are being used (or not used) in the cooperative effort, their changing state (or static 
state) offers cues to other actors as to the intentions of the actor or actors effecting the 
changes...the simple fact that, say, a particular drawing is open in front of a colleague who 
has placed a transparent overlay on top of it, that the colleague is bending forwards while 
sketching some modifications on the overlay, may or may not have implications for a 
colleague working on an intersecting task. (Schmidt & Wagner, 2002, p. 272)  
Furthermore, many artefacts such as lists, protocols, and standards for identifying, presenting, and storing 
information, serve 'ordering' roles as opposed to 'representational' roles – “they are not objectivations of 
things-to-come but rather normative constructs governing the distributed activities of the project.” (Schmidt 
& Wagner, 2002, p. 272). 
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2.3 -  Comput ing and engineer ing design 
Perhaps more than in other domains, the computing revolution has profoundly influenced how work is 
done in engineering. The development of sophisticated modelling software coupled with easy access to 
significant computational power has done more than provide additional tools for engineers – it has 
redefined the means by which engineers go about their work. 
Mechanical engineers use a range of specialised software tools, in addition to the ubiquitous word-
processing, spreadsheeting, mathematics and database software used in many work domains. For example, 
CAD (Computer-Aided Design) software is used to construct graphical representations of a part or machine, 
either in the form of two-dimensional drawings or ‘3D’ models represented on a computer screen. 
Manufacturing technologies such as NC (Numerically Controlled) machining and ‘rapid prototyping’ allow 
actual 3D objects to be produced directly from a digital models, without ever being represented in the style 
of traditional two-dimensional drawings. FEA (Finite Element Analysis) enables engineers to calculate and 
visualise heat transfer, mechanical stresses and strains, and many other parameters in complex solid objects, 
in some cases eliminating the need for actual tests on final designs. CFD (Computational Fluid Dynamics) 
enables engineers to calculate and visualise the properties and effects of fluid flows around objects. 
Famously, and some time ago now in computer years (1995), the Boeing 777 was the first aircraft to be 
completely designed and fully tested in ‘digital’ form, without the need for traditional full scale mockups 
and test beds. 
Downey’s (1992) work provides a revealing snapshot of the explosion of CAD/CAM4 technology, the 
changes it was bringing to engineering design and analysis in the US at the time, and the wider cultural 
implications of this shift. Later, Downey’s (1998) ethnographic study of student engineers using CAD 
systems investigated how those changes were being reflected in university curricula, and the consequences 
for ‘engineers in the making’. 
CAD was initially thought by some to have the potential to do away with traditional paper-based design 
media and processes altogether, following the ‘paperless office’ mantra circulating around the same time (see 
Sellen & Harper, 2001). Simultaneously, though, a small but vocal contingent was calling attention to work 
practices centred around paper media, and the necessity to support those work practices in the development 
of new media (see, for example, Carter, 1993; Hewson, 1990; Suchman, 1987; Tang, 1989). 
Fish (1999), among others, cautions that ignorance of the underlying value of sketching and paper-based 
media in favour of hyper-realistic, rendered CAD modelling would be self defeating.  
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… to discard (in machine systems) the untidy, hand-drawn indeterminacies and vagaries of 
“back of an envelope” sketches before we understand their function would be self-defeating. 
Neither is blind machine simulation of media attributes an answer (the “imitation bronze” 
approach). Without at least a theory as to how paper sketch attributes support design it will 
be impossible to design appropriate machine replacements for the humble sketch book. 
(Fish, 1999, p. 20). 
Tovey and Owen (2000) note the varying degrees of commitment to using CAD for conceptual design in the 
automotive industry. In response to a widespread sentiment amongst designers that CAD systems are unable 
to live up to the requirements of concept design, they examined whether combining sketches with 
computer models using sketch-mapping software could provide an appropriate solid model as part of the 
concept design stage. This process was then compared to a process that used CAD software alone to create 
the representation. They concluded firstly that direct modelling in CAD alone inhibits the considerations of 
multiple alternatives – it is a convergent approach when a divergent one is required. They also found that 
models made from sketches mapped on to 3D CAD base models were useful in supporting conceptual design 
(although the question of how to create the CAD base model in the first place was not addressed.) 
The perceived unsuitability of CAD for conceptual design has been researched and discussed by Coyne and 
Snodgrass (1993), Hennessey (1994), Verstijnen and Hennessey (1998), and Stappers and Hennessey (1999), 
among others. However, anecdotally at least, CAD usage in conceptual design within architecture and 
industrial design is becoming increasingly important as designers seek to explore and visualise complex 
forms and shapes with parametric modelling tools. Within engineering design, the focus at the conceptual is 
often on exploring forces and functional relationships rather than forms, a process not currently well 
supported in engineering CAD tools. Engineering CAD tools are historically geared towards producing 
unambiguous representations (such as fully specified design drawings) to support the production of parts 
and machines without errors (Brereton & McGarry, 2000). 
Goel’s (1995, 1999) contributions provide insight into the importance of sketching from the perspective of 
cognitive science, at the same time adding further insight as to why CAD is not as popular for conceptual 
design as for later detailed design stages. While his book Sketches of Thought (1995), based on his PhD 
thesis, was ostensibly a critique of the Computational Theory of Mind (but not computationalism in 
general), it also made a significant contribution to research in design. Based on his studies of architects at 
work, Goel argues that cognitive processes involved in preliminary design require lateral transformations or 
mental state shifts, and that ‘ill-structured’ mental representations are necessary to support these 
transformations. Adapting Goodman’s (1976) work, he describes a well-structured representation as being 
precise, distinct, determinate and unambiguous, whereas ill-structured representations such as sketches are 
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imprecise, ambiguous, fluid, amorphous, indeterminate and vague. Goel considers any inherently vague, 
ambiguous representation as fulfilling the role of a sketch. 
He lists seven properties of well-structured representations using a chess game as an example, and compares 
these to the properties of sketches to make the point that sketches are indeed ill-structured and hence are 
useful in supporting conceptual design. My interpretation of his properties of well-structured 
representations is depicted in Table 2. I conceived the particular sketch example in order to juxtapose well-
structured and ill-structured representations. 
Goel shows that a design sketch is a good example of an ill-structured representation, as it does not satisfy 
any of the criteria for a well-structured representation. (Goodman (1976) required a representation to satisfy 
all of the criteria in order to be considered a well-structured representation). Goel’s framework suggests why 
CAD systems are found to be inappropriate for supporting conceptual design. By their very nature, CAD 
representations are well-structured - that is, they are intended to be precise, distinct, determinate and 
unambiguous. The kind of sketches found during conceptual design, though, can be considered ill-
structured representations. A sketch ‘preserves ambiguity’ (Minneman, 1991) of design ideas, allowing more 
creative, generative conceptualising to take place, whereas a CAD representation is less ambiguous and 
hence offers little potential for discovery. This has important implications for supporting design through 
computer systems. 
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Table 2.2 - Properties of Well-Structured and Ill-Structured Representations 
 
Property of a Well-
Structured 
Representation 
Does a Chess Game have 
this property? 
Does a Design Sketch have 
this property? 
Syntactic Disjointness: 
A token can belong to at 
most one type. 9
A pawn piece can only 
belong to the type “pawn”, 
not the type “queen”. 8
The sketch could represent a 
pizza or a wagon wheel or 
both. 
Syntactic Differentiation: 
It is possible to tell which 
symbol type a given token 
belongs to. 
9
It is obvious that a pawn 
piece belongs to the type 
“pawn”, not the type 
“queen”. 
8
It is not possible to tell 
whether the sketch is a pizza 
or a wagon wheel. 
Unambiguity: 
Every symbol type has the 
same referent in each 
context in which it appears. 
9
The pawn type has the same 
meaning regardless of it’s 
context on the board. 8
The sketch would look more 
like a wheel if attached to a 
wagon, more like a pizza if 
drawn in a pizza box. 
Semantic Disjointness: 
Each object referred to 
belongs to at most one 
reference-class. 
9
No pawn belongs to the 
class of queen 8
A pizza could actually be 
considered a wheel if frozen 
solid. 
Semantic Differentiation: 
It is possible to tell to which 
class an object belongs. 9
Given a queen and two 
classes of chess pieces (e.g., 
pawns, queens), one could 
determine which class (if 
any) the pawn belongs to. 
8
Given a frozen pizza, you 
could be forgiven for 
thinking it was a wheel  
The rules of transformation 
of the system are well 
specified. 9
There is no question as to 
what does or does not 
constitute a legal move for a 
pawn. 8
Sketching has no specified 
rules for transforming from 
one state into another – one 
could draw a wagon or a 
pizza box next. 
The legal transformations of 
the system are such that 
these properties are 
preserved at each and every 
state. 
9
The rules of chess don’t 
change as the game 
progresses 8
The properties don’t exist in 
the first place, therefore they 
cannot be preserved. 
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This recognition of the importance of sketching and the inadequacy of CAD for conceptual design has led to 
explorations through a number of innovate sketch-like interface systems, as reported in Stappers and 
Hennessey (1999), and Kolli and Hennessey (1993). Hummels (2000) explored gesture-based interfaces for 
design tools in her PhD thesis. 
The coordinative role and the inherent (and important) physicality of design representations have only in 
the last handful of years been recognised in developing computer-based design systems. Perry and 
Sanderson (1998), for example, note that computer technologies designed to facilitate the design process at 
that time had not attempted to link design artefacts to their role in communication and coordination. Kalay 
(1999b), though, noted a promising shift of emphasis in CAD systems away from the evaluation of proposed 
design solutions to facilitating collaboration between stakeholders in design. The first manifestations of this 
shifting philosophy are starting to emerge in the commercial world as ‘collaboration plugins’ to existing 
mainstream CAD systems. Grudin (1990) presents a good overview of the general shift in emphasis, in the 
development of computer tools, towards supporting collaboration. Robertson, (1996, 1997, 2000) developed 
a taxonomy of the embodied actions of designers that enable their cooperative design. The taxonomy 
includes both individual embodied actions (in relation to physical objects, other bodies and the physical 
workspace) and group activities constituted by individual embodied actions. She found that  
“When the designers shared a physical space, the space itself enabled communication by 
supporting the mutual perception of their embodied actions, as they talked together and 
made and used various artefacts within the shared physical workspace. When they were 
apart, communication had to be supported by the interplay of specifically evolved work 
practices, with whatever communication technologies were available.” (Robertson, 2000, 
p208) 
This framework highlighted a number of features of actions (and the spaces in which those actions occur) 
that are important for designers working both individually and in groups, providing a useful resource for 
designers of new technologies to support both remote and local collaboration in design and in general. 
Traditional physical media (e.g., paper and pencil, clay) and computer media are increasingly being 
recognised as complimentary rather than competing media in supporting activity. This is part of a growing 
interest in merging the physical and digital worlds in which we live and work. One popular means of fusing 
the physical and digital is in ‘augmented reality’ (AR) as distinct from ‘virtual reality’ (VR). Where VR seeks 
to create a distinct, computer-generated ‘reality’ for the user, AR is aimed at augmenting everyday physical 
space with computational enhancements. The earliest articulation of the idea of AR was in terms of 
overlaying digital images on the world as perceived through a head-mounted visor. A broader definition of 
Augmented Reality came from Mackay, Pagani, Faber, Inwood, Launiainen, Brenta et al. (1995), who saw 
the potential of AR to “allow users to continue to use the ordinary, everyday objects they encounter in their 
daily work and then to enhance or augment them with functionality from the computer” (Mackay et al., 
1995, p. 25). 
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A somewhat drier definition comes from Woolley (1999, p. 116), who sees AR as “data environments which 
both simulate and interact with tangible reality in order to provide enhanced cognitive and control 
potentials.” The scope of technologies that qualify as ‘augmented reality’, then, is quite broad (see, for 
example, Proceedings of DARE 2000, Designing Augmented Reality Environments, 2000). 
A primary requirement in the fusion of physical and digital resources for design is the notion that the space 
in which the designer works should be the same as the space in which that work is represented (Note that 
the current mainstream computer interface of keyboard, mouse and screen has separate input and display 
spaces). This requirement is broadly described as the unification of the perception and action spaces, or 
more simply, ‘what you see is where you act’ (Djajadiningrat, 1998; see also Rauterberg, 1995, as reported in 
Fjeld, Lauche, Bischel, Voorhorst, Kreuger & Rauterberg, 2002). 
The VR approach, as mentioned, is to immerse the user in a ‘virtual environment’ by means of a headset and 
detection of body movement. Such approaches give rise to the type of design tools described by Smets, 
Gaver, Overbeeke and Stappers (1993), in which the user’s body is represented graphically in the digital 
space they observe through a head-mounted display. 
The AR approach is to digitally augment the user’s physical space, as embodied in Ullmer and Ishii’s (1997) 
MetaDESK or in the BUILD-IT system (Rauterberg, Bichsel, Meier, & Fjeld, 1997; Fjeld et al., 2002). The 
BUILD-IT system is a ‘graspable groupware’ computer system to support collaborative planning activity 
(Figure 2.1). These works embody the principle that physical space is a resource for collaborative activity, 
and so should be conscripted in digital systems that support collaboration. 
 
 
Figure 2.1(Taken from Figure 4 of Fjeld et al., 2002, p160). An everyday paper and pencil sketch generated 
during a meeting (left) is overlaid with an active video projection (right) that tracks the movement of special 
‘bricks’ and overlays an image of what the bricks represent. 
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Redström’s (2001) exploratory thesis outlines a good overview of technologies merging the digital and 
physical. Provocative explorations by Jeremijenko (in progress), including the now iconic LiveWire, point to 
interesting avenues for integrating the physical and digital worlds. Svanaes’ (1999) work, influenced by 
Merleau-Ponty’s phenomenology, also explores the potential for interactive technologies to allow us to 
engage with the digital world on a physical level. Abowd et al. (2002), Ullmer and Ishii (2000), and Fishkin 
(2004) present comprehensive overviews of early developments and currently emerging trends in the design 
of tangible interaction technologies. 
So how can engineers benefit from new and emerging interaction technologies? Woolley (1999, p.121) says 
that designers (engineering designers in the case of this thesis) “should be equipped with the specification 
skills required to take more control over new working environments.” In this view, engineers need to be 
able to articulate to technology developers their desired interactions with computer-based design tools. This 
is also congruent with the well known model of design proposed by Norman (1988), in which a product is 
designed and built to serve a predefined ‘intended use’. 
Another view, as articulated by Suchman (1987) or Norros (2003), for example, is that of ‘designing for 
adaptation’. In this view, generalised interaction technologies should be designed such that they can be 
appropriated into a user’s existing work practices, while at the same time offering potential to improve those 
practices at the user’s discretion and for their purposes. This view has the user as “a constructor of meaning 
through making use of the tools in practice” (Norros, 2003, p. 1). This philosophy is also embodied in the 
Scandinavian school of participatory design (see Floyd, Mehl, Reisin, Schmidt & Wolf, 1989, for a 
comprehensive overview), which seeks to understand a domain from the ‘inside’ and design technologies 
that build on existing ways of knowing and working. The perspective adopted in this thesis is most 
congruent with this latter view of technology design, as discussed further in Chapter 4 - Method. 
Things to Think With 
 32  
2.4 -  Summary 
From the mid-20th century to the early 21st century, design research has steadily progressed from a 
‘scientific’ or rational account of design as linear problem solving (e.g., Simon, 1981) to a view of design as 
an organic, socially-mediated activity (Bucciarelli, 1998, 1994; Minneman, 1991; Schön, 1990, 1992, 1994). 
The importance of modelling through physical objects is recognised (Brereton, 1998, Brereton & McGarry, 
2000), though research on the use of external resources is still dominated by investigations of the role of 
sketching, generally from a cognitive perspective (e.g., Purcell & Gero, 1998; Suwa & Tversky, 1996). 
Increasingly, representations are acknowledged as playing coordinative roles as well as representational 
roles (Henderson, 1991; Perry & Sanderson, 1998; Schmidt & Wagner, 2002). 
Computer-Aided Design tools are widely acknowledged as unsuitable for the early, generative, conceptual 
phase of design (e.g., Coyne & Snodgrass, 1993; Hennessey, 1994; Tovey & Owen; 2000; Verstijnen & 
Hennessey, 1998), due partly to the mismatch between the ill-structured design ideas and the well-
structured representational media (Goel, 1995, 1999). A recognition of the need to physically interact with 
the world and to support collaboration (e.g., Perry & Sanderson, 1998) have been two of the drivers towards 
new tools that bridge the physical and digital worlds (Djajadiningrat, 1998; Fjeld et al., 2002; Hummels, 
2000; Redström, 2001; Ullmer & Ishii, 1997). 
Questions that remain to be answered are how ‘embodied representations’ such as gestures and physical 
objects compare with drawings in supporting design (Minneman & Harrison, 1996), how we communicate 
about and through physical objects (Minneman, 1991), how we can seamlessly integrate manipulation of 
physical hardware into computer-supported design environments (Brereton, 1998), and how we can develop 
virtual models that address the complex physical demands of mechanical designers (Lindemann et al., 1999). 
This dissertation seeks to provide the insights to address these questions. 
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Chapter 3 -  Literature Review II: 
 
Understanding human action 
and interaction in the world 
There is reason to suspect that what we call cognition is in fact a 
complex social phenomenon… The point is not so much that 
the arrangements of knowledge in the head correspond in a 
complicated way to the social world outside the head, but that 
they are socially organized in such a fashion as to be indivisible. 
‘Cognition' observed in everyday practice is distributed -- 
stretched over, not divided among -- mind, body, activity and 
culturally organised settings (which include other actors).  
(Lave, 1988, p. 1) 
The previous chapter described studies of professional engineering practice highlighting 
the central role that external representations play in coordinating and supporting 
engineering work. This chapter describes a number of theoretical approaches to 
understanding, describing and modelling action, interaction, cognition and the negotiation 
of meaning in wider human activity. As previously discussed, one of the aims of this thesis 
is to compare and contrast the contribution that these existing frameworks can make 
towards understanding and supporting engineering. 
The notion that we use the world as a resource to support our thinking and activity is 
almost self-evident (Kirsh, 1995). We make shopping lists, we count the days since 
Tuesday on our fingers, we leave the rented movie case next to the front door and stick the 
phone bill on the fridge door to act as prominent reminders, we file documents away in 
primly labelled folders, or we stack them in ever-growing piles on our desks, we put t-
shirts in the top drawer, and we spray-paint stencils around our work tools so we can tell 
at a glance which ones are missing from the tool board. The idea that our cultural and 
social milieu affects our thinking is similarly uncontroversial. 
The role of the physical and social environment in human cognition and action has been 
explored from numerous perspectives, and has become increasingly important within 
many research fields, especially HCI (Human-Computer Interaction) and CSCW 
(Computer Supported Cooperative Work), which deal with the research and development 
of computer systems to support human activity. 
The first theoretical approach that I will discuss is Hutchins’ theory of Distributed 
Cognition. He articulates explicitly many of his assumptions, and his work has a more 
analytical focus than most work in this area, making it an appropriate starting point. I will 
then discuss other contributions towards understanding action, cognition and the 
negotiating of meaning, collected under the loose descriptions of Activity Theory, situated 
theories of action, and Ecological Psychology. Ethnomethodology, aimed specifically at 
understanding human action and interaction in the world, is discussed with reference to 
method in the next chapter. A comparison of the theories, grounded in the observations I 
made in the field study, emerges through the course of the discussion in subsequent 
chapters. 
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3.1 -  Dist r ibuted Cogni t ion 
Cognitive theories of knowledge representation and learning have not provided sufficient 
insight into the relationships between the human mind, social situations and the tools that 
culture provides to support and extend their sphere of activity and communicative 
competencies. (Salomon, 1993, p. ix) 
Distributed cognition…is specifically tailored to understanding interactions among people 
and technologies. (Hollan, Hutchins & Kirsh, 2000, p. 174) 
Distributed Cognition is a theory which seeks to describe and model the cognition of systems comprising 
humans embedded in the world and in a social milieu. Ed Hutchins introduced and thoroughly articulated 
the theory of Distributed Cognition in its capitalised form in his book Cognition In The Wild (Hutchins, 
1995a), in which he presents his study of navigation on a large U.S. Navy ship. In the wider research 
literature there are a few permutations of the term, and there aren’t always clear demarcations between the 
general idea of ‘distributed cognition’ and Hutchin’s particular theory of Distributed Cognition (or ‘DCog’ in 
its abbreviated form). This section will deal with Hutchins’ work and the work of others that clearly share 
his particular Distributed Cognition perspective. 
The roots of Distributed Cognition 
Hutchins’ background is in cognitive science – “the mind’s new science” (Gardner, 1987). Cognitive science 
is a multidisciplinary research field drawing on linguistics, philosophy, cognitive psychology, neurosciences, 
mathematics and computer science. Thagard (1996) places cognitive science’s intellectual origins in the 
1950s, when researchers began developing theories of mind based on computational procedures, and its 
organisational origins in the 1970s, with the inception of the Cognitive Science Society and the first 
publication of the journal Cognitive Science. Hutchins (1995a) traces the idea that ‘cognition is distributed’ 
back through the threefold roots of Vygotsky’s (1978) Mind in Society, Minsky’s (1986) Society of Mind, 
and Rumelhart and McLelland’s (1986) Parallel Distributed Processing. His primary interest is in accounting 
for the cognitive achievements of groups of people and people drawing on conceptual and physical artefacts, 
arguing that such achievements cannot be explained in the terms of ‘traditional’ cognitive science (see, for 
example, Newell & Simon, 1972). As Hutchins explains,  
The larger system has cognitive properties very different from those of any individual. In 
fact the cognitive properties of the navigation team are at least twice removed from the 
cognitive properties of the individual members of the team. The first remove is a result of 
the transforming effects of the interactions with the tools of the trade; the second remove is 
a consequence of the social organization of distributed cognition. (Hutchins, 1995a, p. 226) 
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Cognition, he argues, is not just influenced by culture and society, it is fundamentally a cultural and social 
process - we enhance our cognitive powers by participating in and contriving the environment in which we 
exercise those powers. 
Hutchins’ observational work spans the domains of aircraft cockpits (Hutchins 1995b; Hutchins & Klausen, 
1996; Hutchins & Norman, 1988; Hutchins & Palen, 1997), marine navigation (Hutchins 1990, 1995a) and 
teams of software programmers (Flor & Hutchins, 1992), while others have applied his particular conception 
of Distributed Cognition to the domains of air traffic control (Halverson, 1994), general collaborative work 
(Rogers & Ellis, 1992), engineering (Perry, 1998; Perry & Sanderson, 1998), and design (Gedenryd, 1998). 
DCog: The new, improved Cognitive Science 
I do believe that the computation observed in the activity of the larger system can be 
described in the way cognition has been traditionally described – that is, as computation 
realized through the creation, transformation and propagation of representational states. 
(Hutchins, 1995a, p. 49) 
Hutchins agrees with the traditional cognitive science notion of cognition being the creation, 
transformation and propagation of representational states – of ‘cognition as computation’. However, he 
claims that traditional cognitive science models only the cognition of disembodied cognitive agents, and 
neglects the integral role of our physical, social and cultural environment. He says that the computational 
properties normally ascribed to our ‘thinking’ aren’t taking place just in our heads (as cognitivists would 
have us believe), but also in our body and in the physical and social world. Hutchins’ book (1995a) uses case 
studies of navigation to illustrate the computational system comprising teams of sailors, their tools, the navy 
ship and the wider social and physical environment. According to Hutchins, the traditional model of 
cognition is correct, but only when applied broadly, to these sociocultural systems, and not when applied 
narrowly to processes occurring within the head. 
Hutchins believes that the seat of cognition in ‘traditional’ cognitive science is fundamentally misconceived: 
The early researchers in cognitive science placed a bet that the modularity of human 
cognition would be such that culture, context, and history could be safely ignored at the 
outset, and then integrated later. The bet did not pay off. These things are fundamental 
aspects of human cognition and cannot be comfortably integrated into a perspective that 
privileges abstract properties of isolated individual minds. (Hutchins, 1995a, p. 354) 
He argues that the neglect of the world-embeddedness of human cognition is also manifested in the creation 
of artificial cognition. While Simon and Kaplan (1989) claimed that the computer was made in the image of 
the human, according to Hutchins, the only human aspect that was modelled was the ‘raw’ hardware in the 
head, and all the ‘machinery’ that connects us to the outside world (eyes, ears, hands) was ignored. As Clark 
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(1997, p. xii) notes, this view persists “in the tradition of modelling intelligence as the production of 
symbolically coded solutions to symbolically expressed puzzles”. 
One of the strengths of Distributed Cognition, Hutchins argues, is that “This view of computation permits 
the use of a single language of description to cover cognitive and computational processes that lie inside and 
outside the heads of the practitioners of navigation” (Hutchins, 1995a, p. xvi). He makes two overarching 
distinctions between Distributed Cognition and other theories of cognition: the boundaries of the unit of 
analysis, and the range of mechanisms assumed to take place in cognitive processes. 
Boundaries of unit of analysis 
Distributed Cognition takes the boundary of the unit of cognitive analysis from the skin/skull outwards to 
encircle a person’s social environment, physical space and cultural history. “A cognitive process is delimited 
by the functional relationships among the elements that participate in it, rather than by the spatial co-
location of the elements.” (Hollan, Hutchins & Kirsh 2000, p. 175). For example, a small socio-technical 
system such as the bridge of a ship observed by Hutchins is considered to be a functional cognitive system. 
The use of a single language to describe processes that lie inside and outside the heads of individuals means 
that complex interactions between people, artefacts and environment are considered to be cognitive events 
internal to a larger cognitive system: 
Distributed cognition does not posit a gulf between “cognitive” processes and an “external” 
world, so it does not attempt to show how such a gulf could be bridged. Moving the 
boundary of the unit of cognitive analysis out allows us to see that other things are 
happening there. (Hollan, Hutchins & Kirsh, 2000, p. 192) 
Range of mechanisms 
The theory of Distributed Cognition consequently takes a more open stance on the range of mechanisms 
through which computation takes place. In this view, cognition is no longer confined within a person’s head 
but instead manifests itself in propagations of representational states between human and non-human agents 
across a variety of media. Hutchins’ observations of navigation practices prompt him to identify a number of 
computational mechanisms distinct from the traditional model of symbol manipulation.  
Computational equivalence 
Hutchins’ (1995a) book focuses on the mechanisms through which complex group achievements are 
performed, using navigation as a prototypical domain to develop and exemplify his theory of Distributed 
Cognition. An accomplished seaman himself, Hutchins undertook a longitudinal study of Navy practice on a 
ship, documenting and recording the activities and communications between members of the navigation 
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team as they went about their work. He also described the physical artefacts and tools used in navigation, 
and described the formal social structures on board the ship. 
Hutchins compares his own observations and experience of Western ship navigation with others’ work on 
the practices of Micronesian navigators. Western ship navigators commonly use a two-dimensional chart 
with which to represent large-scale ‘real’ space, and landmarks and features in ‘real space’ are represented by 
symbols, numerical values and a coordinate system in chart space. The plotted course of the ship on the 
chart is a representation of the history, current position and probable future location of the ship, and the 
chart itself is characterised as a computational tool that supports the process of navigation. Tracing the 
history of Western navigational techniques, Hutchins shows the emergence of three trends (Hutchins, 
1995a, p. 95-96):  
1. The increasing crystallization of knowledge and practice in the physical structure of artifacts, in 
addition to mental structure;  
2. The development of measurement as analogue-to-digital conversion, and the concomitant reliance on 
technologies of arithmetic computation; and  
3. The emergence of the chart as the fundamental model of the world and the plotted course as the 
principal computational metaphor for the voyage. 
Synthesising the ethnographic work of others (principally Gladwin, 1970; Goodenough, 1957; Lewis, 1972; 
Reisenberg, 1972; Safert, 1911; and Schück, 1882, all cited in Hutchins, 1995a), Hutchins describes how 
Micronesians’ conception of navigation is different in many respects from the Western style of ship 
navigation that is more familiar to most of us. Micronesian navigators frequently perform long open-sea 
canoe trips out of sight of land, with no external representations such as charts, no specialised tools, no 
explicit concept of ‘measurement’, no universal coordinate system or explicit standards of space and time, 
and no digital computations whatsoever. Hutchins argues that they have a different set of ‘cognitive tools’ at 
their disposal. For example, to determine what we call ‘bearings’ (for which I might use a compass), 
Micronesian navigators rely on star paths, each star path being the set of stars that follows the same path as 
they trace through the night sky from east to west. Being near the equator, these arcs of stars stretching 
across the sky rise and set at the same directions on the horizon regardless of the time of year, so they 
provide a fixed reference for direction, like the points of a compass. 
Hutchins draws on Marr’s (1982) concept of ‘levels of description of cognitive systems’ to compare 
traditional Western navigation to Micronesian navigation, using the ‘cognition as computation’ metaphor to 
argue that, at a fundamental level, all navigation is computationally equivalent. Marr’s work on visual 
processing assumed that information-processing systems in general can be described on a number of levels, 
the most important levels being: 
1. Computational theory of the task the system performs – what and why? 
2. Choice of representation for the input and output, and the algorithm used to transform one into the 
other. 
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3. Details of how the algorithm and representations are realised physically. (Marr, 1982). 
Marr’s original conception was meant to apply to individual cognition, but Hutchins applies it more widely 
– to a person or persons acting in a complex sociocultural environment. He contends that in a computational 
sense (level 1), all systems of navigation answer the question ‘Where am I?’ in fundamentally the same way. 
In Hutchins’ view, the problem of fixing one’s position in two dimensions (‘Where am I?’), reduces, in a 
computational sense, to combining a minimum of two one-dimensional constraints, regardless of culture. As 
a clumsy example, if I were lost in Sydney and able to take bearings off landmarks via a compass, I could 
combine the two one-dimensional constraints of ‘I am due east of the Sydney Opera House’ and ‘Taronga 
Zoo is to the north’ to determine my location. As I would be in the middle of Sydney harbour, I would 
hopefully have a boat under my feet.  
Hutchins looks at a number of types of navigational problems in both Western and Micronesian cultures, 
relating those problems to underlying mathematical principles. Referring again to Marr’s 3 Levels of 
Description, he argues that while at the most general level, all navigation computations (level 1) seem to be 
describable by a small number of abstract principles (e.g., position line constraint, position range constraint), 
the representational systems (level 2), algorithmic procedures (level 2) and physical instantiations (level 3) 
vary greatly depending on the culture. In other words, Hutchins posits that while cultures may vary in the 
mechanisms through which they propagate constraints across representational structures, the underlying 
problem of navigation is computationally identical across all cultures. 
Hollan et al. (2000, p. 176) outline three senses of ‘distribution’ in cognition: 
1. Cognitive processes may be distributed across the members of a social group, 
2. Cognitive processes may involve coordination between internal and external (material or 
environmental) structure, and 
3. Processes may be distributed through time such that the products of earlier events can transform the 
nature of later events. 
Cognition in the world 
I propose a broader notion of cognition because I want to preserve a concept of cognition as 
computation, and I want the sort of computation that cognition is to be as applicable to 
events that involve the interaction of humans with artifacts and with other humans as it is 
to events that are entirely internal to individual persons. (Hutchins, 1995a, p. 118) 
In Hutchins’ study, sailors were observed to undertake tasks such as lining up the telescopic sight of an 
alidade (a combined compass and telescopic sighting device) with a landmark, reading a number off a scale, 
physically moving a ‘hoey’ (a kind of protractor used in navigation) across a chart table and then drawing 
lines on the chart. By taking the approach of modelling the bridge of a ship as a functional cognitive system, 
these actions were considered cognitive events in themselves: “computational media, such as diagrams and 
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charts, are seen as representations internal to the system, and the computations carried out upon them are 
more processes internal to the system.” (Hutchins, 1995a, p. 128) This is a clear divergence from the 
traditional cognitive science approach, which usually treats external representations as inputs and outputs to 
and from a cognitive process occurring in the head. 
Hutchins cites the slide rule as an illustrative example of how we can exploit the properties of the world to 
augment our cognitive abilities. The slide rule is a now-outmoded artefact that was used to perform 
calculations before the widespread availability of calculators and desktop computers. In its simplest usage 
(without doing any ‘sliding’), a slide rule is just a set of horizontal parallel scales with a movable index line, 
used to line up values on the different scales. Each scale shows a series of different numbers corresponding 
to different ‘functions’. For example, one scale might go from 1 to 10 representing ‘x’, and another parallel 
scale might go from 1 to 100 representing ‘x squared’. Provided the two scales are constructed correctly and 
aligned properly, one can find the square of any number from 1 to 10, or the square root of numbers from 1 
to 100 by finding a value on one scale, moving the index line so it lines up with this value, and reading off 
the corresponding value on the other scale (of course, the accuracy of the result is limited by the resolution 
of the scales). 
As well as providing values for inbuilt functions such as ‘x-squared’, slide rules can be used to perform other 
operations such as multiplication and division by sliding two logarithmic scales relative to each other. The 
nature and power of using logarithmic scales is that the movement of one scale relative to another by a 
certain ‘displacement’ (according to the scale) corresponds to a multiplication by that ‘displacement’ value. 
Building the computation into the structure of the tool itself transforms the problem of multiplication from 
difficult mental or written place-value computations to the simple alignment of two scales. 
The tasks facing the tool user are in the domain of scale-alignment operations, but the 
computations achieved are in the domain of mathematics… The computational constraints 
of the problem have been built into the physical structure of the tools…These tools thus 
implement computation as simple manipulation of physical objects and implement 
conceptual judgements as perceptual inferences. (Hutchins, 1995a, p. 171) 
The slide rule is just a simple example of a physical computational tool. According to Hutchins, the 
navigation chart itself is one of the most powerful computational tools at the navigator’s disposal. Our own 
familiarity with a range of different maps used in Western culture can obscure the simple fact that more 
than ‘representing the world’, our maps enable navigators to perform complex navigational computations 
with just a ruler and pencil: 
A navigation chart is a carefully crafted computational device… Clearly, all the problems 
that are solved on charts could be represented as equations and solved by symbol-processing 
techniques. Plotting a position or a course on a nautical chart is just as much a computation 
as solving the set of equations that represent the same constructs as the plotted points and 
lines. (Hutchins, 1995a, p. 61) 
Things to Think With 
 40  
By way of their contrived structure and affordances5, the navigation chart and slide rule transform difficult 
(perhaps impossible) conceptual problems into tasks that can be performed through simple physical 
manipulations and perceptual inferences. “The representation of symbolic worlds in physical artifacts, and 
especially the representation of the syntax of such a world in the physical constraints of the artifact itself, is 
an enormously powerful principle.” (Hutchins, 1995a, p. 106) 
Hollan et al. (2000) make the same point through their examination of pilots in cockpits - environments rich 
in artifacts and representations: 
A complete theory of individual memory is … insufficient to understand how this memory 
system works. The physical thinking environment provides more than simply additional 
memory available to the same processes that operate on internal memories, but the material 
world provides opportunities to reorganise the distributed cognitive system to make use of a 
different set of internal and external processes. (Hollan et al., 2000, p .76) 
They describe their development of an improved airspeed indicator for aircraft. Most current high-end 
cockpits of the time (e.g., Airbus, Boeing) used a ‘tape’ indicator (a marker moving relative to a linear scale) 
to represent the airspeed. In studying pilots using the outdated circular dial-type airspeed indicators (similar 
to automobile speedometers), Hutchins (1995b), noted that pilots rarely think of their airspeed as a number. 
Instead, he was able to establish that pilots use the airspeed indicator dial as a physical ‘anchor’ for the 
conceptual space of airspeeds. Like the use of a slide rule, pilots were using the spatial structure of the 
display to convert the conceptual problem (the relationship between actual and desired speeds) to 
perceptual inferences. Hollan et al. (2000) noted that the newer state-of-the-art airspeed indicators had 
inadvertently removed this feature of the older dial indicators, and subsequently redesigned a ‘next 
generation’ airspeed indicator to provide support for this behaviour. 
Kirsh’s (1995) studies on the use of physical space in cognition categorised functions of space into three 
main categories: spatial arrangements that simplify choice, spatial arrangements that simplify perception, 
and spatial dynamics that simplify internal computation. His data is drawn from videos of people cooking, 
assembling and packing, from observations in supermarkets, workshops and playrooms, and from subjects 
playing the block-based computer game ‘Tetris’. He found that subjects used space in a number of ways to 
support their thinking: 
• Subjects used space to simplify choice by creating arrangements that served as heuristic cues, for 
example hiding affordances of hot handles or highlighting affordances by placing items needing 
immediate attention nearby. 
• Subjects laid out items in the order they had to be used, unambiguously encoding ordering 
information in space, hence offloading memory. 
                                                          
5 The notion of affordances is discussed in Section 3.4. 
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• Subjects reorganised workspace to facilitate perception, making it possible to notice properties or 
categories that were not noticed before. 
• Subjects enlisted the world to perform computation for them, for example finding the tallest 
spaghetti noodle using analog computation by hitting the bundle on a tabletop. They made changes 
in the world to save themselves costly and potentially error-prone computations. 
Hence, in the terms of Distributed Cognition, the world is not just a resource to ‘amplify’ individual 
cognition, but it provides opportunities to change the very nature of the tasks we face. 
Cognition distributed across social groups and through culture 
Distributed Cognition also treats cognition as being distributed across social groups and through culture. 
Hutchins outlines the social and cultural ‘embeddedness’ evident in the operations taking place on the ship’s 
bridge, on a number of levels. The hierarchical social structure within the Navy serves to support the 
cooperative work of the navigation team by complementing the goal structure. This structure means that 
the cooperative achievements of the navigation group as a whole far surpasses the sum of possible 
achievements of a number of individuals acting in isolation. Responsibility for the satisfaction of the goals 
can be allocated to people on the ship in such a way that social dependencies provide control structure. The 
formal chain of command puts responsibility and accountability for high-level decision making in the hands 
of the most experienced and trusted staff at the ‘top’. Assigning well-defined roles (with corresponding tasks 
and responsibilities) to navigation team members allows highly complex problems to be decomposed into 
simpler subtasks which are allocated to smaller teams or individuals. 
Navigation skills and tools are culturally-inherited, such that cognition can be seen as distributed through 
culture. 
Culture is a process that accumulates partial solutions to frequently encountered problems. 
Without this residue of previous activity, we would all have to find solutions from scratch. 
We could not build on the success of others. (Hollan et al. 2000, p. 178) 
Examples of ‘cultural tools’ used in Western navigation (but not Micronesian navigation) are the concepts of 
measurement and digital computation, as Hutchins identifies. Measurement could be described as the 
process of converting a real-world property into a value, which might be later used for recording, 
comparison or further computation. The value can come from a numeric scale (e.g., 67) or from another 
type of scale (e.g., moderate fire danger), and may have standardised units (e.g., metres per second). 
Hutchins, for example, describes how a chip log is an old measuring tool used by sailors a few generations 
ago to measure their speed through the water. A wedge tied to a rope was dropped overboard, and as the 
boat moved forward, the rope would unroll off a drum on the boat. The rope was prepared with regularly 
placed knots, and the number of knots passing by a marker within a given time as the rope unrolled would 
indicate the speed of the boat through the water. The greater the number of knots, the greater the speed of 
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the boat, and this gave rise to use of the ‘knot’ as a unit of speed (later it was standardised to be equivalent to 
one nautical mile per hour). 
The chip log in proper use is an artefact that changes the task of measuring speed into a task of ‘counting 
knots within a given time’. The structure built into the artefact changes the nature of the task, as previously 
discussed. The chip log is an artefact that, in its time, was ubiquitous in Western shipping culture. 
Individual sailors would come and go but the culturally embedded chip log remained, and was improved 
over time. Using the chip log to determine the speed of the ship can be considered to be an analogue to 
digital conversion, a common occurrence in maritime practice of the era. The power of the chip log was not 
so much its ability to produce a ‘speed’ value, but in what that value enabled – namely, the derivation of 
more useful information such as its projected position or the current absolute wind speed. 
Hutchins further describes how Navy sailors share a special-purpose visual and spoken language, which has 
its roots in the accumulation of thousands of other sailors’ maritime experience over a timescale of centuries. 
The language is adopted through apprenticeship and training, and is continually evolving in everyday 
practice. Using the special-purpose language serves to support the negotiation of meanings in varying 
circumstances, reduce ambiguity and error in communications, and to compress information and hence 
reduce the required ‘bandwidth’ of the communication media.  
Equally, non-Western cultures have their own culturally-inherited tools and practices. Hutchins describes 
Micronesian navigators as having ‘ways of seeing’ that enable them to use the stars to support navigation – 
something which few Westerners can do. This is an example of what Hutchins calls an ‘internal artifact’: 
The stars are not artifacts. They are a natural rather than a human-made phenomenon, yet 
they do have a structure which, in interaction with the right kinds of internal artifacts 
(strategies for “seeing”) becomes one of the most important structured representational 
media of the Micronesian system. (Hutchins, 1995a, p. 172) 
Cognition distributed through time 
Distributed Cognition also holds that cognition is distributed through time. Hutchins describes how he 
observed sailors pre-plotting a course through a narrow channel on a navigation chart, complete with ‘cues’ 
for when to perform what actions. In the Distributed Cognition view, by planning and rehearsing their 
actions, the sailors are essentially offloading some of the computation so that it need not be performed 
during the high stress ‘real-time’ manoeuvres in the channel but rather can take place beforehand, in the 
more relaxed open water operations. As we have already seen, artefacts and social structures distribute 
computation through time by precomputing not only partial results, but the means of computation (e.g. the 
chip log). This pre-computation isn’t limited to our immediate temporal and spatial milieu; in using an 
artefact with a long cultural history, for example a sundial, the cognition of the functional system 
comprising myself, my community and the artefact might actually span thousands of years. 
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3.2 -  Act iv i ty  Theory 
Activity Theory (AT) is a framework for understanding how people act in the world, taking ‘activity system’ 
rather than ‘person’ or ‘mind’ as the central unit of analysis. Activity Theory is usually described as a set of 
principles used to conceptualise activity, rather than a ‘model’ or ‘theory’ of activity. Nardi (1996b) describes 
it as a powerful and clarifying descriptive tool rather than a strongly predictive theory. Central to AT is the 
premise that the relationship between a person and the world is object-oriented (that is, oriented towards an 
objective) and mediated by culturally-conveyed artifacts such as tools and signs. 
Kaptelinin (1996a) describes how activity theory is an attempt to integrate objective, ecological and 
sociocultural perspectives of human activity, based on the analysis of human beings acting in their natural 
environment. Kaptelinin (1996b, p.64) notes that while activity theory embraces culture, values, motivation, 
emotions, human personality and personal meaning, the theory is suited only for capturing “rational 
understandings of human interaction with the world [and hence] cannot completely substitute for an 
anthropology that defines and understands culture.” 
The roots of Activity Theory 
Activity Theory was formally developed by Leont’ev (1978, 1981, 1989) and Luria (1976) but was built on 
the foundational work of Vygotsky (1960/1981, 1978), and has of late been remoulded through the work of 
Wertsch (1981, 1985, 1998) and Cole (1996). The ideology behind Activity Theory can be traced back to 
attempts in the 1920s/30s to develop a new theory of psychology based on Marxism, aimed squarely at 
usurping the dominant psychoanalytical, reflexological, behaviourist and stimulus-response models of the 
time. Vygotsky’s work mirrors the work of George Herbert Mead in uniting the ‘social’ and the 
‘psychological’. Vygotsky extended Marx’s idea of physical tools mediating labour towards the idea that 
psychological tools mediate thought: “the basic analogy between sign and tool rests on the mediating 
function that characterizes each of them” (Vygotsky, 1978, p. 54). 
Stetsenko (1999) identifies three main foci in Vygotsky’s work: 
• social interaction (e.g., child-adult) as the main source of mental processes; 
• cultural tools as mediating components of psychological functioning, and 
• the zone of proximal development (ZPD) as the main “portal” through which development 
proceeds. 
Following a ‘dark period’ of about 50 years after his death in the 1930s, Vygotsky’s work rose in popularity 
and has since become the foundation for quite a breadth of research activity, in fields as diverse as 
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anthropology, communication, sociolinguistics, computer science, pedagogy, literary studies, philosophy and 
psychology (Hedegaard, Chaiklin & Jensen, 1999; Matusov, 2001). 
Kuutti (1996) notes that social context is implicitly captured in Activity Theory via its basic unit of analysis: 
A minimum meaningful context for individual actions must be included in the basic unit of 
analysis. This unit is called an activity. Because the context is included in the unit of 
analysis, the object of our research is always essentially collective even if our main interest 
is in individual actions. An individual can and usually does participate in several activities 
simultaneously.” (Kuutti, 1996, p. 26) 
A strong contingent of supporters of Activity Theory exists amongst researchers in Human-Computer 
Interaction (HCI). The notion of the computer as a culturally-grounded ‘artefact’ mediating human 
interaction with the world is clearly a resonant one for researchers in the area, and one that is discussed 
through the course of this thesis. Bødker’s (1991) seminal book represents the earliest exposition of Activity 
Theory in mainstream information systems development. She characterises the human-computer 
relationship as engagement ‘through the interface’, which diverged from the view of computer interface 
design as the design of an ‘exterior’ with which the user interacts. Raeithel (1992), Rogers and Scaife (1997), 
and Bertelsen and Bødker (2000) constitute thorough reviews of research in Activity Theory in Information 
Systems Development.  
Unity of consciousness and activity 
The principle that human consciousness and activity are united and inseparable underpins the Activity 
Theory worldview. Bannon (1997, p. 1) describes this principle as the idea that the “human mind comes to 
exist, develops, and can only be understood within the context of meaningful, goal-oriented, and socially 
determined interaction between human beings and their material environment.” In this view, consciousness 
emerges through interaction in the world – through activity itself. Kuutti (1996, p. 41) notes that something 
of this principle is lost in the English translation of the original works: “the term activity does not carry the 
essential connotation of “doing in order to transform something”, as do the corresponding German or 
Russian terms (Tätigkeit and dejatel’nost, respectively).” 
Object-orientedness 
The second principle is an ontological assertion: we live in an objective reality that gives rise to subjective 
phenomena. An active subject directs his/her activity towards an object in the world, with the activity 
mediated by an artefact or a tool (Leont’ev, 1978). The meaning of the term ‘object’ in activity theory is 
difficult to articulate without using words with their own conceptual baggage, but it is used in the sense of 
the ‘focus’ of activity. As Kuuti (1996) states,  
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An object can be a material thing, but it can also be less tangible (such as a plan) or totally 
intangible (such as a common idea) as long as it can be shared for manipulation and 
transformation by the participants of the activity (Kuuti, 1996, p25). 
In this view, psychological sciences must be in a position to account for subjective phenomena and 
subjective objects (e.g., ‘a plan’) with the same rigour that physical, material objects are accounted for in the 
natural sciences (Leont’ev 1981). In other words, the socially defined properties of objects can and should be 
studied objectively. Kaptelinin (1996a) uses the example of a book:  
“The object is a book” is no less an objective property of a thing than “the surface of the 
object mostly reflects the light of the red spectrum” (that is, that the object is “red”) …  so 
human beings live in an environment that is meaningful in itself. (Kaptelinin, 1996a, p. 107) 
This philosophy is reflected in the analytical approach to studying human activity within a purposeful 
context. Bannon (1997), for example, discusses the use of Activity Theory in Human-Computer Interaction: 
…it is not fruitful to study "interfaces" as isolated entities, but they have to be embedded in 
purposeful actions, where both the object of those actions, the purpose of them, and the 
larger context in which they are taking place are significant. Computer use is always 
purposeful, we are always working with something "through the interface" and what this 
something is and why we want to work with it should be essential factors influencing the 
design. (Bannon, 1997, p. 1) 
Hierarchical structure of activity 
Leont’ev’s model articulates differences between activity, actions and operations (Leont'ev, 1981, p. 59-69): 
• Activities are oriented to motives, each of which is an object, material, or ideal that satisfies a need. 
• Actions are processes functionally subordinate to activities, and directed at specific conscious goals. 
• Operations are the moment-to-moment realisations of actions, determined by the actual conditions 
under which the activity takes place. 
 
Figure 3.1 - Leont'ev's Hierarchical Structure of Activity 
The dissociation between the objects that motivate activity and the goals to which the activity is directed is 
fundamental to Activity Theory. An activity emerges when a human need (motive) identifies in the world a 
way to become fulfilled and this way of fulfilment becomes the object/motive of the new activity (Tuikka, 
ACTIVITIES MOTIVES 
ACTIONS GOALS 
OPERATIONS CONDITIONS 
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2002; Leont’ev, 1978). To understand and predict people’s behaviour in different situations requires 
knowledge of whether that behaviour is oriented to a motive, a goal or actual conditions. When operations 
are frustrated, people can usually fluidly and unconsciously adapt within the same conditions. At the other 
end of the scale, when motives are frustrated, people are at their most unpredictable (Kaptelinin, 1996a). 
This hierarchy of activity is also related to the concept of ‘division of labour’, since communal 
activity/achievement can be reduced down into subsets of smaller actions, and communal tasks can be 
optimised based on the abilities of individuals. 
Internalisation-externalisation 
Vygotsky (1978) conceptualised a ‘zone of proximal development’ (ZPD) – a range of actions that can be 
performed by a person in cooperation with others. He defines the ZPD as the distance between the “actual 
developmental level as determined by independent problem solving and the level of potential development 
as determined through problem solving … in collaboration with more capable peers” (Vygotsky, 1978, p. 
86). According to Vygotsky, if I am in the ZPD for a given task (e.g., driving a car), I am able to undertake 
that task with the help of others (e.g., a driving instructor) and/or tools (e.g., reciting a script of operations 
that must take place to change gears). Over time, the ‘scaffolding’ of the driving instructor or the mental 
script becomes redundant, and the task can be performed more skilfully with less attention required. 
In this way, we gain new abilities through ZPD, in a transition from externalised social (“inter-subjective”) 
interaction to internalised (“intra-subjective”) competency:  
The same act can change between the three levels in the course of learning and due to 
changed condition. When the guidance for an act is transformed from conscious interaction 
with external objects into an unconscious internal plan of action, internalisation takes place. 
Externalisation takes place when activity with one generation of an artefact is crystallised 
into the next generation of the same artefact. (Bertelsen & Bødker, 2000, p. 6) 
This duality is also about the transformation of external activities into internal ones. Bannon (1997) argues 
that the power of internalisation lies in the ability to simulate potential interactions with reality without 
actual performance (for example to optimise an action such as ‘packing your lunch box’ in advance). 
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Mediation 
 
Figure 3.2 - The concept of mediation in Activity Theory. Adapted from Kuuti (1996, p.25). 
Mediation is the idea that physical tools (e.g., scissors) and psychological tools (e.g., language, heuristics, and 
conventions) mediate our interactions with the world. Tools (or ‘instruments’) are the only means through 
which subjects engage with objects in the world. Such tools are not just ‘conveyors’ of experiences in the 
world, like water in a pipe, but they connect us organically and intimately with the world (Nardi, 1996a). 
Tools embody the cultural history and experience of generations, and since external actions shape our 
internal processes, tool use leads to the internalisation of the accumulated wisdom of the community (Kuuti 
1996). Mediating tools hence have both an enabling and constraining function, since objects are not 
perceived and manipulated ‘as such’ but within the limitations set by the tool (Bannon, 1997). Activity 
Theory pays close attention to tools within the context of human activity, since the nature of any artefact 
can only be understood by identifying how people use the artefact, the need it serves, and the history of its 
development (Kaptelinin, 1996a).  
Development  
Not surprisingly, the focus on the person as a developing entity has given Activity Theory a strong following 
within the fields of education and developmental psychology. The philosophy of Marx’s Dialectical 
Materialism (and more specifically, Ilyenkov’s (1977) dialectical logic, as cited in Bannon (1997)) holds that 
any system can only be understood through analysis of its developmental transformations. Physical tools 
mediate human labour, sign systems such as language mediate human social processes, and in both cases, 
humans and the world are mutually transformed (Vygotsky, 1978; Wertsch, 1981). 
Engeström (1987) expanded upon the concept of tools mediating the interaction of subject and object in his 
‘triangles’ model of AT (see Figure 3.3). Engeström recognised that the subject often shares an objective with 
a group of people – a community. The community employs explicit and implicit rules to regulate 
interactions within the community. Labour division serves to effectively map subjects to objects, and results 
in the distribution of tasks and power within the community. ‘Instruments’ (e.g., physical tools) are 
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inherited from the community. The model is dynamic: the object/outcome of one activity (e.g., the 
construction of a new water well) can become the instrument of another (e.g., the object of improving 
irrigation is mediated by the new water well). The community may develop rules (e.g., only use 40 buckets a 
day) or implement a division of labour (e.g., assign a person the task of distributing water) to ensure the 
ongoing satisfaction of the collective objective. 
 
Figure 3.3 - Engeström's 'triangles' conception of Activity Theory. Adapted from Kuuti (1996, p.25). 
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3.3 -  Embodied and Si tuated Theor ies 
This section outlines a number of complimentary embodied and situated perspectives on human action and 
interaction in the world.  These perspectives all emphasise to a greater or lesser degree the lived world as 
experienced through one’s body, through language and through the specific ‘situation’ or context in which 
one finds oneself ‘thrown’ from moment to moment. The common motive is to embrace the cognitive, the 
physical and the social aspects of human activity, rather than favouring one limited aspect over others. 
The 1980s and ‘90s saw an increasingly vocal movement crystallising under the banner of ‘situated action’, 
partly in response to some of the views of human activity that were emerging in the fields of cognitive 
psychology, cognitive science, and particularly in Artificial Intelligence. ‘Situated’ theorists, at least in 
caricature, emphasised the importance of historical influences, social interaction, culture and the 
environment on human activity and cognition (Norman, 1993b), while researchers in the growing field of 
cognitive sciences were accused of ignoring these factors by focusing on human cognition as occurring 
solely in the head.  This debate is played out particularly cogently in a special issue of the journal Cognitive 
Science on Situated Action (see, for example, Norman, 1993b). 
Winograd and Flores’ (1986) Understanding Computers and Cognition and Suchman’s (1987) Plans and 
Situated Actions have become the most enduring statements of the spirit of situated action. Both works were 
addressing interactions between humans and technology, paying particular attention to highlighting the 
disembodying and decontextualising assumptions implicit within research in the cognitive sciences and 
Artificial Intelligence.  Both works identified language as being central to human-human interactions, and 
hence as central to human-machine interactions, since the latter type of interactions were assumed to be 
analogous to the former. Both works posited that the machine’s lack of access to human activity, and the 
resulting mismatch between the human’s expectations and the machine’s behaviour, was both a cause and a 
symptom of the profound asymmetries between humans and machines. 
This view of ‘language as action’ pervades the sociological account of human-machine relations (e.g., Bødker 
& Greenbaum, 1988), and is firmly grounded is Wittgenstein’s (1953) concept of ‘language games’. 
Wittgenstein uses the idea of ‘games’ like chess to illustrate the relationship between language and action. In 
this view of ‘language games’, language and action are linked, and both rely on a shared background 
between communicating ‘life forms’ (‘lebensformen’). Words, like chess pieces, become meaningful through 
their use in a particular context, according to the rules of the game. 
Hermeneutics 
Winograd and Flores (1986) created what they called a “new foundation” for the design of computer systems 
based on Wittgenstein’s view of language games, Heidegger’s (1962) phenomenological ontology and the 
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notion of the hermeneutic circle. Drawing on Wittgenstein (1953), the ‘ordinary language’ work of Austin 
(1962), and the works of Searle (1979) and Habermas (1981) on communicative action, Winograd and Flores 
argue that language does not have a representational relationship with meaning, but rather, the meaning of 
language is construed through its use in a communicative context. This is reflected in the idea of the 
hermeneutic circle – an understanding of a part requires an understanding of the whole, and the whole can 
only be understood through an understanding of the parts. Human-machine communication, in this view, 
should not be treated as the exchange of information independent of context, since it is only through that 
context that the information can be made meaningful. 
Their use of Heidegger’s (1962) concept of ‘throwness’ further emphasises the embodiment of human 
activity – we are inescapably ‘thrown’ into our physical and social worlds; we are involuntary heirs of 
culture.  In Heidegger’s view, conscious reflection is not a precursor of action in the world, it is a 
consequence of action in the world.  He uses the example of the use of a hammer: when used skilfully, the 
hammer becomes a natural, transparent extension of the body. Phenomenologically, the hand is a hammer, 
it is ‘ready-to-hand’. When this ‘throwness’ is interrupted, for example, if the hammer misses and hits a 
thumb, then the hammer ceases to be an extension of the body and becomes ‘present-at-hand’, the object of 
focused attention.  
The circular feedback between embodied ‘ready-to-hand’ activity and reflective ‘present-at-hand’ 
objectification is analogous to the hermeneutic circle. Svanaes (1999) notes that Heidegger’s work is itself an 
ironic embodiment of the hermeneutic circle. Heidegger’s language is notoriously and deliberately obtuse, 
in order to avoid associations of his concepts with concepts grounded in our ‘everyday’ language. Reading 
Heidegger, then, becomes an exercise in learning a new language, such that one can only understand a part 
of his work by reading through the whole. 
Phenomenology 
Edmund Husserl (1859-1938) is considered to be the catalyst of the phenomenological movement, in which 
Heidegger figures centrally. Husserl started at the same point that Descartes did in the 17th century – 
searching for an absolute foundation for human knowledge. Descartes rejected all subjective human 
experience through a ‘method of doubt’, in which he ‘doubted’ everything he already knew in order to 
reach bedrock suitable for the foundation of an entirely new, unshakeable philosophical system. This 
method led Descartes to the realisation that by doubting all, he could not doubt that he existed, since to 
doubt, one must exist. This is immortalised in his famous statement “Cogito, ergo sum” – I think therefore I 
am. He categorised the world into two groups - res cogitans (‘thinking things’) and res extensa (‘extended 
things’ or tangible things).  
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This categorisation, or ‘Cartesian dualism’, has become deeply entrenched in Western culture, but Husserl, 
centuries later, reframed the relationship between thinking beings and the world. Instead of rejecting 
human experience as an untenable foundation of philosophy, Husserl sought to ground reality in the “pure 
subjectivity” of human experience. Husserl claimed that to understand human thinking, we can’t take the 
world as a pre-given entity, but we must realise instead that our world is framed in terms of ourselves. We 
interact with the world through our activity – the world is not passively perceived and thereby known; 
active manipulation of the environment is involved integrally in negotiating an understanding. In his 
posthumous work Philosophy and the Crisis of European Man (Husserl, 1965), he lamented that philosophy 
seemed to be inexorably transforming into a natural science, with the concomitant assumption that there is 
an objective reality beyond the self. 
Husserl’s work, while groundbreaking, was entirely theoretical and still had underlying ties to the Cartesian 
philosophical tradition that separates the mind-world and the world of our body and physical objects. 
Merleau-Ponty (1942/1963, 1945/1962) sought to create a more pragmatic ontology, one grounded in the 
world as experienced through the body. Svanaes (1999) argues that where Heidegger brought philosophy 
back to everyday human life, Merleau-Ponty took it all the way back to the human body. Based on the work 
of Husserl and Heidegger, Merleau-Ponty developed a philosophy of embodied, lived experience: 
The world is… the natural setting of, and field for, all my thoughts and all my explicit 
perceptions. Truth does not “inhabit” only “the inner man,” or more accurately, there is no 
inner man, man is in the world, and only in the world does he know himself. (Merleau-
Ponty, 1962, p. xi) 
Where Descartes’ reg cogitans (‘thinking stuff’) was the seat of cognition, Merleau-Ponty’s “body-subject” 
was at the heart of human existence. Where Descartes identified a fundamental dualism between our minds 
and the world, Merleau-Ponty saw us as inherently united in and with the world through interaction. In 
this view, perception is an active, embodied process that is generative of meaning (Robertson, 2002). In 
Merleau-Ponty’s words, 
All my knowledge of the world, even my scientific knowledge, is gained from my own 
particular point of view, or from some experience of the world without which the symbols 
of science would be meaningless. The whole universe of science is built upon the world as 
directly experienced, and if we want to subject science itself to rigorous scrutiny and arrive 
at a precise assessment of its meaning and scope, we must begin by reawakening the basic 
experience of the world of which science is the second-order expression. (Merleau-Ponty, 
1962, p. viii) 
Merleau-Ponty’s treatment of the entanglement between mind, body and world had a strong influence on 
the early existentialists. In computer science circles, Dreyfus (1972, 1993) uses the phenomenological 
philosophy as basis for his criticism of the dominant symbol system paradigm within Artificial Intelligence, 
and Clark (1997) takes a phenomenological approach to cognition, reframing brains as controllers of 
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embodied activity. Varela, Thompson and Rosch (1997) use a phenomenological perspective in combination 
with ideas from Buddhism to formulate an ‘embodied cognition’ somewhere between Cartesian dualism and 
Buddhist monism.  
Dourish (2001) developed a framework of ‘embodied interaction’ that draws elements from tangible 
interaction, social computing, and Merleau-Ponty’s philosophy of lived experience. Robertson (2002) uses 
phenomenological principles to inform the design of shared virtual spaces, where perceiving and being 
perceived become central problems for users. Ehn, Binder, Eriksen, Iacucci, Kuutti, Linde, et al. (2004) (see 
also Iacucci, Linde & Wagner, 2004) complement Merleau-Ponty’s notion of embodiment with 
considerations of the performative aspects of space in developing new interactive ‘places’. They draw a 
distinction between ‘space’, which is the site or Cartesian space in which human activity occurs, and ‘place’, 
which is the human experience of interacting (‘performing’) within that space.  They argue that designs of 
interactive technologies must support the appropriation of space into place. 
Situated Action 
While Winograd and Flores were taking a hermeneutic approach to understanding cognition, Lucy 
Suchman was exploring from an anthropological background how meaning is constructed within specific 
communities. Her book Plans and Situated Actions (1987) grew out of her PhD dissertation, which was 
based on work she did as a researcher at Xerox PARC. Here, she was involved in a project to develop a 
computer-based ‘expert system’ – an automated help system that would be attached to a photocopier in 
order to instruct the user. The photocopier was not doing well in the market, and the help system was being 
devised in order to improve consumer demand for what was a complex product with extensive features. 
Grounded in the perspectives of cultural anthropology and sociology, Suchman focused on the assumptions 
about actions, interactions and communications that were used implicitly or explicitly by the cognitive 
sciences community in developing such expert systems. Her objective was to raise a basic question about the 
status of plans in human activity, and her work brought into the mainstream the contrasting term situated 
actions, emphasising the relationship between an action and the context in which it is performed (Chen & 
Rada, 1996). 
The basic premise of her work was twofold:  
First, that what traditional behavioral sciences take to be cognitive phenomena have an 
essential relationship to a publicly available, collaboratively organized world of artifacts and 
actions, and secondly, that the significance of artifacts and actions, and the methods by 
which their significance is conveyed, have an essential relationship to the particular, 
concrete circumstances. (Suchman, 1987, p. 50)  
Suchman conducted ethnographic studies of “test users” using the copier in conjunction with the automated 
  Chapter 3 – Literature Review II 
 53 
help system. She compared the information about the user’s actions as witnessed by the researcher with 
information about the user’s actions available to the machine. Not surprisingly, she found that only a very 
small subset of the user’s actions witnessed by the researcher were available to the photocopier (doors being 
opened and closed, buttons being pressed etc). The help system ‘sought’ to infer the user’s plan in operating 
the machine, and gave instructions accordingly. The help system then ‘used’ that inferred plan to interpret 
further actions from the user. The machine’s ‘interpretation’ of the user’s plan and what the user was 
actually trying to do were rarely a match, so ultimately the machine was unable to respond meaningfully to 
human input.  
At this time, the Artificial Intelligence ‘planning model’ of cognition assumed that actions were executed as 
part of a pre-existing plan. Since the significance of actions is derived from plans, the problem of 
coordinating interactions between multiple entities becomes, in this view, a problem of coordinating plans. 
In other words, plans give rise to actions, so the coordination of actions relies on the coordination of plans. 
Starting from within this framework, Suchman explored the possibilities of human-machine interaction as 
compared to human-human interactions: 
What motivates my inquiry… is not only the recent question of how there could be mutual 
intelligibility between people and machines, but the prior question of how we account for 
the shared understanding, or mutual intelligibility, that we experience as people in our 
interactions with others whose essential sameness is not in question. (Suchman, 1987, p. 6) 
She drew from sociological studies the observation that humans make sense of each other (are “mutually 
intelligible”) because they share a common platform of background knowledge, and construct meaning 
locally through interactions grounded in extraordinarily rich embodied competencies (Suchman, 2002). In 
this view, thought and action are inseparable from context - they emerge from interaction within this 
context, not from internalised processes. Furthermore, in the sociolinguistic view, context is itself 
negotiated through thought and action. Since language is action, ‘objective’ features of the world are only 
constructed through our spoken activity. This is a collaborative achievement, not an individual one: 
 Human interaction succeeds to the extent that it does … due not simply to the abilities of 
any one participant to construct meaningfulness but to the possibility of mutually 
constituting intelligibility, in and through the interaction. (Suchman, 2003, p. 3) 
She discusses how early designers of ‘intelligent’ computer systems sought to replicate within the computer 
this shared background knowledge and context, such that humans and computer systems would be able to 
meaningfully interact. Researchers attempted to develop formalised, axiomatic models of some aspects of the 
world to ‘code’ into the computer system: “The problem as they [the researchers] saw it was a fairly 
straightforward task of overcoming the limitations of machines by encoding more and more of the cognitive 
abilities attributed to humans into them” (Suchman, 2002, p. 5). According to this view, the notion of the 
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plan as central to human cognition was manifested in the computer systems built in the image of the 
human. 
Suchman notes that computer help systems are, in general, a form of written instructions that bear no direct 
relation to the situation in which they are being read.  The same goes for other types of computer-based 
‘expert systems’ designed as dialogue partners for humans. In comparison, face-to-face discussions between 
humans (such as the giving of instructions) unfold in a manner where each party is sensitive to the local 
context: 
The restrictions generally associated with written instructions derive not from the writing 
so much as from the absence of interaction, while the effectiveness of verbal instruction 
derives less from the speech than from the interaction that is generally associated with it. 
(Suchman, 1987,  p. 105) 
The fundamental asymmetry between humans and machines, and their consequent difficulty in 
communicating, argues Suchman, lies partly in this distinction between human action as situated in a 
context and machine action as based on a plan independent of context. As Artman and Waern (1995, p. 83) 
state, “As the machine is supposed to be intelligent, people project certain accounts to it, but as the machine 
is modelled around a certain plan rather than a model of possible situations, difficulties often arise.” 
Thus, the challenge for designers of interactive technologies, argues Suchman, is not to try and emulate 
attributes of human communicative skills in computers, but rather to develop alternatives to situated 
actions, acknowledging the fundamental differences between humans and machines. Better to understand 
the divide between human interactions and machine operation than to ignore that such a divide exists 
(Suchman, 2002). 
Consequently, strategies for improving human-machine communication (for example, for improving 
interactions that users have with a photocopier) include (Suchman, 1987): 
• Extending the machine’s access to the user’s actual circumstances 
• Informing the user as to the interaction resources available to the machine 
• Compensating for the machine’s lack of access to the user’s actual circumstances 
Suchman uses her observations of and reflections on human-computer interactions as a basis for critiquing 
of the planning model of human cognition. Where cognitivists at the time modelled human action as driven 
by plans, Suchman argued that plans are simply representations of situated actions – representations that 
only occur as weak resources for situation action or when otherwise unproblematic situated activity is 
frustrated. When plans are used, they arise in a situated way through interaction in the world, and are 
modified accordingly as the situation changes (Suchman, 1993). Her illustrative example of a canoeist is 
worth quoting at length: 
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So, for example, in planning to run a series of rapids in a canoe, one is very likely to sit for a 
while above the falls and plan one's descent. The plan might go something like "I'll get as far 
over to the left as possible, try to make it between those two large rocks, then backferry 
hard to the right to make it around the next bunch." A great deal of deliberation, discussion, 
simulation, and reconstruction may go into to such a plan. But however detailed, the plan 
stops short of the actual business of getting your canoe through the falls. When it really 
comes down to the details of responding to currents and handling a canoe, you effectively 
abandon the plan and fall back on whatever embodied skills are available to you. The 
purpose of the plan in this case is not to get your canoe through the rapids, but rather to 
orient you in such a way that you can obtain the best possible position from which to use 
those embodied skills on which, in the final analysis, your success depends. (Suchman, 1987, 
p. 52) 
Situated Cognition 
Suchman’s influential work is complemented by that of a number of researchers developing their own 
notions of ‘embodied skill’ around the same time. Work that now sits comfortably under the ‘situated’ 
banner includes that of Lave (1988), Lave and Wenger (1991) and Brown, Collins and Duguid (1989), among 
others. This genre has also been called ‘situated cognition’. A common thread through this work is a 
motivation to reveal the mechanisms through which one is able to make sense of varied situations, instead 
of the traditional reductionist approach towards human activity, which is based on identifying invariants 
across situations. 
Lave (1988) showed how average, everyday people (what she calls “just plain folks”) undertake complex 
mathematical operations using context as a resource. Her work illustrates how, for example, supermarket 
shoppers make judgements on a product’s value-for-money through calculating price/weight ratios and 
making comparisons. Those same people, given the same mathematical problems in a formal laboratory 
setting, are not nearly as capable of making such judgements. She argues that “The specificity of arithmetic 
practice within a situation, and discontinuities between situations, constitute a provisional basis for pursuing 
explanations of cognition as a nexus of relations between the mind at work and the world in which it 
works.” (Lave, 1998, p. 1). 
Brown, Collins and Duguid (1989) challenge the assumption in educational theory that conceptual 
knowledge can be abstracted from the situations in which it is learned and used. As others do, they draw on 
sociolinguistic research to argue that knowledge is situated – grounded in the interactions through which it 
is enacted: 
All knowledge is, we believe, like language. Its constituent parts index the world and so are 
inextricably a product of the activity and situations in which they are produced. A concept, 
for example, will continually evolve with each new occasion of use, because new situations, 
negotiations, and activities inevitable recast it in a new, more densely textured form. So a 
concept, like the meaning of a word, is always under construction. (Brown, Collins & 
Duguid, 1989, p. 33) 
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As an alternative to the model of teacher as a ‘provider of information’, they present the notion of ‘cognitive 
apprenticeship’ as a model for teaching and learning practices.  
Scribner (1984) observed the practices of dairy workers in a milk processing plant. She noted that workers 
used the task environment to help them perform arithmetic calculations. Milk containers were packaged in 
cases of 16 quarts, and so instead of calculating the price of an order for, say, 32 quarts of milk as 32 times 
the unit price, the price was calculated as double the cost of a 16-quart case. She also noticed that dairy 
loaders were able to accurately determine the number of quarts in a partially filled milk case not by explicit 
counting, but through an embodied skill that Scribner described as working in higher level “perceptual 
units”. They also configured the cases they were filling and emptying such that they worked as an elaborate 
kind of abacus. 
deKleer and Brown (1984) noted a less tangible reliance on situations in the work of physicists, who were 
found to ‘see through’ the equations they were using by envisioning a physical situation. The imagined 
physical situation was then used to provide support for the physicists’ reasoning. 
Actor-Network Theory 
In exploring the mechanisms of human-machine relations, Suchman (2002, 2003) also works to expose the 
socio-political implications of the technologies we build and use. She questions the very notion of 
‘interactive technologies’, based on her earlier (Suchman, 1987) work on human-machine communication, 
and others’ work on issues of agency, particularly as seen in the tradition of Actor-Network Theory tradition 
(Latour 1987, 1992, 1999; Callon, 1986). 
Prompted by the growing and unquestioned treatment of computers as ‘artificial agents’, Suchman (2003) 
investigates the means through which we draw boundaries between humans and machines. Refining the 
arguments outlined in her book (Suchman, 1987), she argues that the seat of agency resides neither in 
artefacts (such as computers) nor in humans. Humans and artefacts, she argues, are mutually constituted – 
the boundaries between humans and machines are not pre-given, but rather are discovered in use, 
discursively: “The problem is less that we attribute agency to computational artefacts, than that our language 
for talking about agency, whether for persons or artefacts, presupposes a field of discrete, self-standing 
individuals.” (Suchman, 2003, p. 5). 
In this view, agency resides neither in humans nor in the artefacts we interact with, but in the interactions. 
Suchman uses Barad’s (1998) neologism of ‘intra-action’ to highlight the sense in which subjects and objects 
emerge as such only through their encounters. 
Latour’s (1987) investigations of the politics of human-technology relations conceptualises the 
sociotechnical world as a heterogenous network of actants, comprising both human and non-human 
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entities. His so-called Actor-Network Theory treats people and the artefacts they use as co-participants in 
the interactions that both define and are reciprocally defined by technologies (Henderson, 1998). Bijker and 
Law (1992) further include the work of Bowker (1992) in what they call the seamless web view – the idea 
that the social and the technical are constituted and distinguished in one movement. As with the work of 
Suchman, the distinction between humans and artefacts is taken as a human accomplishment rather than as 
a pre-given relationship. 
Latour’s (1999) ‘gun in hand’ analogy has become something of an icon with regards to this idea: 
You are different with a gun in your hand; the gun is different with you holding it.  You are 
another subject because you hold the gun; the gun is another object because it has entered 
into a relationship with you.  The gun is no longer the gun-in-the-armory or the gun-in-
the-drawer or the gun-in-the-pocket, but the gun-in-your-hand … The twin mistake of the 
materialists and the sociologists is to start with essences, those of subjects or those of objects 
… If we study the gun and the citizen as propositions … we realize that neither subject nor 
object … is fixed.  When the propositions are articulated, they join into a new proposition.  
They become 'someone/something' else. (Latour, 1999, p. 179-180) 
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3.4 -  Ecological  Psychology 
Donald Norman’s popular book The Psychology of Everyday Things (1988) brought the field of Ecological 
Psychology to the attention of the mainstream design community. In this work and later work (Norman 
1991, 1993a, 1993b), Norman highlights our remarkable ability to understand and use the thousands of 
objects and devices we encounter every day, often without any prior experience of those particular artefacts. 
His framework for designing ‘transparent’ or easy-to-use devices is based on the notion that physical aspects 
of the device should provide clues as to how a person should use it. 
For designers, the power of Ecological Psychology lies in J. J. Gibson’s (1979/1986) notion of ‘affordances’. 
An affordance is a possible interaction that an environment affords for an organism: for a human, a rock 
affords throwing; for an ant, a rock affords traversing. An affordance is “a specific combination of the 
properties of its substance and its surfaces taken with reference to an animal” (Gibson, 1977, p. 67). 
Affordances are emergent properties of the animal-environment system, rather than properties of objects 
themselves. An affordance “implies the complementarity of the animal and the environment.” (Gibson, 
1986, p. 127). 
Gibson’s interest was in understanding how an animal’s perceptions can inform the animal about the 
meaning of objects in the environment. According to Jones (2003), theories that address this question fall 
into two categories: 
The first category assumes that objects and events have no inherent meaning, and thus the 
meaning must be created internally and stored by the animal, that is, an indirect-perception 
view. The other category assumes that objects and events have inherent meaning, which is 
detected and exploited by the animal without mental calculation, that is, a direct-perception 
view. (Jones, 2003, p. 107) 
Ecological psychology and the notion of affordances fall squarely within the second view –  meaning is not 
internally constructed and stored but rather is an inherent property of the animal-environment system. 
Stoffegren (2003) uses examples from Gibson (1991), Warren and Whang (1987), Gibson and Walker (1984), 
Warren (1984), Gibson Riccio, Schmuckler, Stoffegren, Rosenberg &Taormina (1987), Oudejans, Michaels, 
Bakker & Dolne (1996), and Lee, Young & McLaughlin (1984) to illustrate the emergent nature of 
affordances: 
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If a gap in a wall has a certain size relative to the size of a person, the gap affords passage … 
if an object has a certain rigidity relative to an infant’s jaws and gums, it affords mouthing 
… if a stair is a certain proportion of a person’s leg length, it affords climbing … if a surface 
is rigid relative to the weight of an animal, it affords stance and perhaps traversal … if a ball 
falls with a certain velocity relative to a person’s running speed, then it affords catching … 
if the time gap between the passage of successive cars on a road is greater than the time 
needed for a pedestrian to cross the road, then safe crossing is afforded. (Stoffegren, 2003, 
p.116) 
Warren (1984) showed that the theory of affordances can be incorporated into an ecological theory of 
aesthetics – for example, the visual preference for the height of steps in a flight of stairs can be quite closely 
predicted on the basis of leg length. Michaels (2003) points out that affordances must be perceived in order 
to be acted upon, but that perception of an affordance is not a prerequisite to its existence. An affordance 
does not need to be perceived to exist: “it is a statement of what is available in the world to be perceived.” 
(Michaels, 2003, p. 136). Heft (1989) (cited in Chemero, 2003) draws links between the ‘body scale’ focus of 
affordances and Merleau-Ponty’s (1962) phenomenological insights. 
Stoffegren (2003) argues that the majority of perceptual-motor learning and exploration is motivated by the 
tension between desires (intentions) and possibilities (affordances): 
Perceiving that a given intention cannot be satisfied here, now, can motivate an animal to 
seek out conditions under which the intention can be satisfied. This can motivate 
exploration of the existing animal-environment system (e.g., a search for properties of the 
environment that will mesh with existing properties of the animal to enable the achieving 
of an intention), it can motivate the acquisition of new perception-action skills (e.g., 
development or acquisition of properties of the animal that will mesh with existing 
properties of the environment to enable the meeting of an intention), and it can motivate 
the prospective modification of the environment (the alteration or manufacture of objects or 
circumstances that will mesh with properties of the animal to enable the meeting of an 
intention). (Stoffegren, 2003, p. 126) 
Gaver (1996) uses an Ecological Psychology approach to explore how the physical properties of different 
media affect how people can use, interact and collaborate with them. He extends the domain of the theory 
of affordances from physical interaction to social interaction, suggesting that just as perception and action 
are only understood with reference to the world in which they are enacted, so social behaviour is shaped by 
the physical world in which it occurs. He cites work by Brown and Duguid (1994) in which they discuss the 
social importance of material attributes, for example, the relationship between the elevation of a commercial 
facility and its perceived status. A law firm can generate an aura of prestige by siting its office in the 
penthouse of a tall building, but that same location would be disastrous for a bookstore. A ground floor site 
in a busy street would give the bookstore greater prestige, but would be demeaning for the law firm.  
While Brown and Duguid (1994) take a balanced view of culture and physicality in discussing social 
mediation, Gaver (1996, p.113) attempts to develop an account of social meaning as based purely on “facts of 
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the physical world”, that is, without falling back on 'social convention' or 'communities of practice' as 
explanatory principles. He recasts the notion of height as 'accessibility', which “emerges from the relation 
between elevation and peoples' physical characteristics (e.g., the necessity of expending energy climbing to 
higher surfaces of support)... it is an objective fact about a situation.” (Gaver, 1996, p. 113). He cites a 
number of examples where physical affordances affect social interaction. For example, table layout in a 
restaurant can make the difference between a space for an intimate encounter or a jovial celebration, and 
Parisian street layouts are based around major boulevards meeting at 'nodes', creating thriving social centres 
in a way that grid layouts don't afford.  
Gaver discusses, as an example, the different affordances of paper and electronic media and their effects on 
social interaction around them, particularly with regard to the affordance of ‘predictability’: 
Predictability is as lawful, as physical, and as dependent on the mutuality of person and 
environment as are such affordances as climbability or graspability. When a system's 
structure is consistent and perceptibly available, then it affords prediction. When it is 
relatively unconstrained and unavailable for perception, then it is difficult for people to use 
in guiding their actions. (Gaver, 1996, p. 119) 
Gaver notes that the affordance of predictability is often lacking in computer-based artefacts. Part of the 
problem, he claims, is that computational technologies are so flexible that they support a wide range of 
possible interactions, none of which are made obvious. The exterior of computational artefacts reflect very 
little of their affordances for action. 
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3.5 -  Summary 
Distributed Cognition is essentially a recasting of cognitive science to account for the cognitive properties 
exhibited by associations of people and artefacts, as articulated by Hutchins in his book Cognition In The 
Wild (1995a). Through investigations of the practices of navigators on a Navy ship, Hutchins unfolds his 
vision of expanding traditional computation models of mental cognition to include the physical world, 
external representations, and other people. In this view, cognition is computation realised through the 
transformation and propagation of information across a variety of physical media. 
Hutchins and others (e.g., Hollan, Hutchins & Kirsh, 2000; Kirsh, 1995) illustrate how we recruit and 
contrive properties of the physical and social world to support cognition by converting judgements problems 
to perceptual inferences, by restructuring tasks, by building computational constraints into the physical 
constraints of artefacts, by using features of the world itself to perform analogue computations, use 
culturally-inherited physical and conceptual tools, structuring our social environments, and precomputing 
partial results of tasks through artefact structures. 
Activity theory, developed by Leont’ev (1978, 1981, 1989) and Luria (1976), after Vygotsky (1960/1981, 
1978), takes the central premise that the relationship between a person and the world is object-oriented 
(that is, oriented towards an objective) and mediated by culturally-conveyed artifacts such as tools and signs. 
Vygotsky extended Marx’s idea of a physical tools mediating labour towards the idea that psychological tools 
mediate thought. Other guiding principles of Activity Theory include the unity of consciousness and 
activity, the hierarchical structure of activity, and an emphasis on development as reflected in Vygotsky’s 
‘zone of proximal development’. Engeström’s (1987) ‘triangles’ model, describing the complex 
interrelationships between a person and their tools and community, has become the predominant 
articulation of Activity Theory in IT development. 
The first clear emergence of ‘situated’ theories in HCI is found in the work of Winograd and Flores (1986) 
and Suchman (1987). Both works are, in part, reactions to the assumptions implicit within research in the 
cognitive sciences and Artificial Intelligence. Wittgenstein’s (1953) language games, the phenomenological 
ontology of Heidegger (1962) and Husserl (1965), Merleau-Ponty’s (1942/1963, 1945/1962) philosophy of 
embodied, lived experience, and concepts from hermeneutics figure highly in these works. More recent 
research (Varela et al., 1997; Dourish, 2001; Robertson, 2002) uses these same embodied, language-based 
foundations for developing new theories of cognitive science, tangible interaction and shared virtual spaces, 
respectively. 
Suchman’s (1987) term ‘situated action’ emphasises the relationship between an action and the context in 
which it is performed. Coming from a background in social anthropology, Suchman criticised the dominant 
‘planning model’ of Artificial Intelligence, in which actions were seen to be executed as part of a pre-
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existing plan. Through her observations of ‘test users’ during the development of a new photocopier, 
Suchman argues that thought and action are inseparable from context – they emerge through interaction 
within this context, not from internalised processes or plans. The fundamental asymmetry between humans 
and machines, and their consequent difficulty in communicating, argues Suchman, lies partly in this 
distinction between human action as situated in a context and machine action as based on a plan 
independent of context. The later work of Lave (1988), Lave and Wenger (1991) and Brown et al. (1989), 
among others, further emphasised the situated nature of knowledge and competent action. Latour’s (1987, 
1999) Actor-Network Theory conceptualises the sociotechnical world as a heterogenous network of actants, 
comprising both human and non-human entities. Like situated action, it emphasises that the distinction 
between humans and artefacts is a human accomplishment rather than a pre-given relationship. 
The concept of ‘affordances’ was developed as part of Gibson’s (1979/1986) Ecological Psychology and 
popularised in HCI circles through Norman’s (1988, 1991, 1993a, 1993b) work. Affordances are emergent 
properties of the animal-environment system rather than properties of objects themselves - for a human, a 
rock affords throwing; for an ant, a rock affords traversing. Gaver (1996) extends ecological psychology into 
the social realm, suggesting that just as perception and action are only understood with reference to the 
world in which they are enacted, so social behaviour is shaped by the physical world in which it occurs. 
These disparate theories are irreconcilable at a fundamental level. However, while the ontological 
assumptions are contradictory, this dissertation goes beyond treating each theory as an attempt to 
completely account for observations made in the field. One of the challenges of this dissertation is to 
compare and contrast these theories as perspectives on a particular domain, and in doing so, to find both the 
common ground and the contested ground.  
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Chapter 4 -  Method and data 
This chapter outlines the method employed in this research endeavour. Loosely, the word 
‘method’ refers to the nature of the data that is to be used, choices regarding how data will 
be collected and analysed, and the types of conclusions drawn (though words like ‘data’, 
‘collect’, ‘analyse’ are already imbued with their own subtle methodological commitments.) 
I firstly present a range of possible means to undertake a study of engineering design 
activity, based on dichotomies (e.g., qualitative/quantitative) that are somewhat artificial 
but nevertheless provide a good backdrop to the issues. The next section then details and 
justifies the particular approach taken, with reference to the aims of the thesis and my 
experience as an engineering designer rather than on any universal criteria: “Methods must 
be selected according to purposes; general claims about the superiority of one technique 
over the other have little force” (Hammersley & Atkinson, 1983, p. x). 
The first tentative and ultimately unproductive steps in data collection are described, 
followed by details of the successful field study that forms the core of this thesis. The two-
phase analysis process is then discussed, including reflections on that analysis, referring 
again to the aims of the thesis. The chapter concludes with a primer on how data and 
interpretations are presented throughout the remainder of the thesis. 
Due to confidentiality restrictions, some details of the companies, persons and projects 
have been omitted, altered or fictionalised in this chapter, but care has been taken to find a 
just balance between preserving the integrity of the data and protecting the interests of the 
parties who kindly participated in the research. Note that none of the actual field data in 
the Appendix has been fictionalised beyond changing the names of the participants to 
protect their identities. 
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4.1 -  Approaches to studying work pract ice 
A review of popular engineering design journals such as Design Studies or Research in Engineering Design 
reveals that studies of engineering design have been grounded in a wide range of methods over time, which 
have tended to reflect the changing perceptions and understandings of what design is. The converse could 
also be argued – that is, our understanding of what engineering design is has evolved over time, reflecting 
the changing methodological approaches towards studying design. 
For example, recent years have seen a perceptible decline in the popularity of think-aloud protocol studies 
(see Ericsson & Simon, 1993) of engineering design activity, which first appeared in the late 1980s (see, for 
example, Ullman, Dietterich & Stauffer, 1988). Think-aloud protocol analysis was originally intended as a 
tool for the rigorous conversation analysis of detailed verbal transcripts taken from individual subjects as 
they talked through their thinking processes while working on individual, structured design tasks within a 
laboratory setting. 
Part of this shift has been due to the recognition of problematic assumptions within protocol analysis itself. 
Firstly, the assumption that verbalisation of one’s thought processes can provide meaningful access to what 
are clearly non-verbal thinking processes has been questioned. Secondly, the very process of verbalisation 
has been shown to significantly impede design thinking (see, for example, Davies, 1995). Thirdly, the 
assumption that isolated, individual design activity accurately reflects the practice of social, collaborative 
design activity has crumbled (see, for example, Minneman, 1991). Later developments (see, for example, 
Cross et al., 1996) saw the analytical scope of protocol analysis stretched to account for more qualitative 
analyses and the analysis of collaborative team work. 
The steady shift away from contrived, task-based studies of individuals conducted within artificial settings 
towards in-situ, naturalistic studies of genuine collaborative practice (i.e. ‘what counts as data’) has been 
mirrored by a shift in analytical perspective from a quantitative to a qualitative stance (i.e. ‘how to make 
sense of that data’). A similar trend from a ‘scientific’ to a ‘naturalistic’ analytical perspective can be traced 
in research on Human-Computer Interaction (HCI), which has led to the emergence of an entire research 
effort dedicated to understanding naturalistic human-technology interactions, namely Computer-Supported 
Cooperative Work (CSCW). 
As a result, ‘naturalistic’ sociological perspectives are increasingly pervasive in research within both 
HCI/CSCW and engineering design. Within sociological research and also within other research arenas, the 
differing worldviews manifested in artificial/quantitative studies of human activity versus 
naturalistic/qualitative studies of human activity are traditionally known as ‘positivism’ and ‘naturalism’ 
respectively. Hammersley and Atkinson (1983, p. 4) identify the following tenets of positivism:  
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• Physical science, conceived in terms of the logic of the experiment, is the model for social research, 
• Universal laws exist and can be used to explain events across all circumstances, and 
• The language of observations is neutral, and priority is given to phenomena that are directly 
observable. 
Conversely, ‘naturalism’ rejects the notion that social worlds can be understood through universal laws and 
causality, because human activity is grounded in individuals’ values, motives and intentions, and is therefore 
categorically beyond the reach of physical science. Rather than being based on hypothesis testing and a 
neutral language of observations, naturalism is an exploratory stance that relies on the researcher’s own 
ability to provide rich descriptions of and understand meanings in social situations: “Believing, with Max 
Weber, that man is an animal suspended in webs of significance he himself has spun, I take culture to be 
those webs, and the analysis of it to be therefore not an experimental science in search of law but an 
interpretative one in search of meaning” (Geertz, 1973, p. 5). 
This stance implies a need for wholly different methods from those used in the physical sciences:  
[Qualitative research] seeks to describe and understand how people make sense of their 
world, and as such, does not require researchers to strive for this kind of ‘objectivity’ or to 
distance themselves from research participants. Indeed, to do so would make qualitative 
research impossible, as the researcher’s subjectivity is an essential part of the research 
process. (Garcia & Ouek, 1997, p. 8) 
As Hammersley and Atkinson (1983) point out, though, the urge to reveal a disjunction between ‘artificial’ 
and ‘natural’ settings subtly gives credence to the positivist view that there is such a thing as an artificial 
setting. Strictly, even so-called ‘artificial’ settings are actually just another kind of ‘natural’ setting, grounded 
in a subjective social world just like any other. If we truly recognise our membership of the social worlds we 
study, then neither the pure positivist or pure naturalist viewpoints can be considered valid. 
The principle research method used to access authentic settings in social anthropology is ethnography – 
loosely, ‘writing about people’. For a researcher (for example, an anthropologist), ethnography entails 
conducting excursions into ‘the field’, typically a particular cultural domain or community of people, and 
constructing descriptions of those settings. Ethnography is an exercise in “thick description” (Geertz, 1983), 
with roots in the work of Dewey and Mead and of the ‘Chicago School’. In this view, the skilled practice of 
participants is privileged over ‘knowledge’ in itself, and emphasis is placed on participative rather than 
‘objective’ modes of inquiry (see Matthews (2004) for a comprehensive review). 
Lloyd (2000) identifies the common denominators of the ethnographic approach as firstly, an emphasis on 
staying close to what is actually observed in the field, and secondly, a willingness to forgo specific 
hypotheses and consider virtually anything one sees and hears as data. 
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Ball and Ormerod’s (2000) exposition describes what they see as the ten characteristics of a prototypical case 
of ethnography: 
1. Situatedness – data collected from within the context of interest 
2. Richness – wide range of data sources 
3. Participant Autonomy – ‘observees’ have complete control over their participation (or not) 
4. Openness – observer remains open to discovery of unexpected issues 
5. Personalisation – observer notes their own feelings in relation to situations 
6. Reflexivity – reflective and empathetic stance towards observees 
7. Self-reflection – the acknowledgement that any interpretive act is influenced by background 
8. Intensity – observations are long-term and intensive 
9. Independence – the observer aims not to be constrained by a predetermined mindset 
10. Historicism – the observer aims to connect observations to a historical/cultural backdrop 
Hammersley and Atkinson (1983) describe the mixed attitude towards ethnography as a research tool: 
Ethnography has sometimes been dismissed as quite inappropriate to social science, on the 
grounds that the data and findings it produces are ‘subjective’, mere idiosyncratic 
impressions that cannot provide a solid foundation for rigorous scientific analysis. Others 
argue that only through ethnography can the meanings that give form and content to social 
processes be understood. (Hammersley & Atkinson, 1983, p. 2) 
Sharrock and Hughes (2000) point out that the insecurity of ethnography within sociology lies in the fact 
that sociology attempts to be a generalising discipline whereas ‘ethnography’ is a case-by-case approach 
from which it is impossible to generalise: “To an important extend fieldwork is idiosyncratic and so even if 
we were to collect ethnographic case studies together this would generate only a collection of heterogenous 
and non-comparable cases. All that we would have is ‘islands of data’ not a comprehensive picture of 
society.” They cite the problem of relating large and ostensibly general theories to genuine observable 
phenomena as chronic within sociology and other disciplines – the problem of “relating abstractions to 
actualities”. 
‘Ethnography’ is a blanket term that covers a growing range of research activity, to the equally growing 
chagrin of professional anthropologists and sociologists. Researchers often inappropriately claim to be doing 
an ‘ethnography’. In particular, notes Button (2000), the term ‘ethnography’ is (ab)used as a proxy for what 
is really just ‘fieldwork’: 
Often when ethnography is being explained, heralded, feted, or condemned, the champions 
or detractors are not talking or writing about ethnography but about field-work: the 
ethnographic tradition and what it has involved is an overarching presence, vaguely felt but 
never directly confronted in many of these examinations. (Button, 2000, p. 321) 
Ball and Ormerod (2000, p. 405) note that of studies in engineering design that claim to use ethnographic 
techniques, “almost all such studies violate a significant subset of the characteristics of a prototypical 
ethnography, either by omission or by satisfying certain characteristics to only a weak degree.”(see their ten 
characteristics of a prototypical case above). 
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According to some of those who do ethnography for a living, the encroaching masses of would-be 
ethnographers do more than just mislabel their methods – they threaten to diminish the esteem of 
‘ethnography’ by treating it as a simple, everyday practice. For example, Forsythe (1999, p. 130) rails against 
what she sees as a pervasive misconception that anyone can do ethnography: “Many technical people see 
ethnography as something that either requires no particular expertise or for which their present expertise 
already equips them.” In her view, ethnographers require special skills that demand a significant degree of 
training in the social sciences:  
It has been difficult for some technical people to understand that reliable qualitative 
research requires training and practice. People in computer science … often ask me to 
suggest “just one article” to enable them to do ethnography themselves. This is absurd. It 
takes as long to train a competent, Ph.D.-level anthropological fieldworker as it does to train 
an expert neurosurgeon… why would anyone trust amateur “ethnographic” research by 
people with no training in social science? (Forsythe, 1999, p.139) 
The sentiment that pure ethnography should be left to the anthropologists isn’t challenged within the 
mainstream of HCI and engineering design research. However, a growing ‘middle ground’ is emerging from 
the recognition that a great deal of research simply cannot be informed by pure ethnography, with its 
concomitant costs and constraints. This is certainly true in commercial ‘design’ industries (for example, 
software development), where the limited time-to-market makes longitudinal studies of users and use 
contexts impractical. As Thomas (2000, p. 425) states, “What you are really interested in within computing 
and software, is how can we as designers get to know more about the world that we are designing for [such 
that] the systems we place in that world can better support the activities, better support the work than they 
currently do.” 
The danger in the amateurisation of ‘ethnography’ (or rather, fieldwork) is that simply doing fieldwork itself 
is only the tip of the ethnographer’s iceberg. While fieldwork can provide data about the organisation of 
work, the analytical treatment of that data determines whether it is genuine analytic fieldwork or simply 
scenic fieldwork (Anderson, 1996; Button, 2000). In a comment that demands an increasingly parenthetical 
chain of attribution (Button (2000), from Lynch (1985), from Garfinkel (1967), from Sacks (1964)), many 
studies of occupation tend to miss the ‘interactional what’ taking place, never getting beyond ‘scenic’ 
treatments of interactions. 
For example, in Button and Sharrock’s (1997) study of production print scheduling, they noted that 
production in a print shop is managed around organisation artefacts such as a scheduling board, work tickets 
and so on. Commercial production management systems can be seen as providing electronic representations 
of these common objects, and in some cases even augmenting them by automating some processes. For 
example, information on a paper-based scheduling board could be and is represented within databases and 
displayed electronically. However, scenic fieldwork that just describes what the printers do with the paper 
scheduling board will miss out on: 
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… the constitutive practices of how they do what they do, the ‘interactional what’ of their 
complexes of action… If we only described what they did, we might well only be touching 
the surface of their work endeavours, the details of which would remain known only to 
them, or to others who could do their work (Button, 2000, p. 329)  
Taking an analytical approach to the same domain reveals that the scheduling boards are not just 
repositories and displays of production data, but are also a means of making the order of the work visible at-
a-glance to the printers. Relevant parties can ascertain the production status in an instant, even when the 
printing press goes offline. “In this respect systems that emphasise the numerical capabilities of scheduling 
boards would, and do, miss essential requirements… Scenic fieldwork may be unable to reveal this 
requirement.” (Button, 2000, p. 330). 
The quest for the ‘interactional what’ has been led by two distinct yet equally popular mindsets within 
ethnographic practice. In the first view, which I will call ‘interpretivism’, the researcher’s background, 
experience and interpretive judgement are brought to bear on field data as they seek to project meaning into 
situations they observe or analyse. Interpretivist approaches seek to create ‘higher order’ explanations of 
what’s ‘really’ happening in a given situation, often using or developing an explanatory framework to 
account for what is observed (Button, 2000). Interpretive accounts of human activity often rely on the 
combination of rich descriptions of activity and ‘common sense’ to make an argument. Rhetoric is the 
principal tool of the interpretivist. Perhaps the most famous interpretive work in engineering design comes 
from Bucciarelli (1988, 1994). 
In the second view, which I will call ‘ethnomethodology’, what is of interest is how people make their 
actions intelligible to themselves and others, which does not require the researcher to impute meaning to 
situations they observe or analyse. Ethnomethodology sees everyday reasoning as implicit in people’s 
actions, not separate from them, so the study of social reasoning and the study of action are one and the 
same. Ethnomethodology is ‘analysing people’s methods for acting in such a way as to make those actions 
rational and intelligible to others’ (Matthews, 2004). Garfinkel’s (1967) collection of essays is seen as the 
cornerstone of ethnomethodology, with good reviews presented in Leiter (1980), Heritage, (1984), Sharrock 
and Anderson (1986), and Atkinson (1988). Core empirical work is detailed by Sudnow (1972), Atkinson 
and Heritage (1984), Button and Lee (1987), and the posthumously published work of Sacks (1978, 1979, 
1984a, 1984b). 
Ethnomethodology is recognised as having strong links with the phenomenological tradition, placing heavy 
emphasis on participants’ understandings of interactions being constructed through their “visibly rational” 
(Garfinkel, 1967, p. viii) actions, in particular their speech. Indeed, ‘ethnomethodology’ is used almost 
synonymously with the sociolinguists’ ‘conversation analysis’ (Sacks, Shegloff & Jefferson, 1974; Atkinson & 
Heritage, 1984), as both are involved with very fine-grained analysis (though not all ethnomethodology uses 
conversation analysis). Conversing parties are witness to each others’ utterances, and social action unfolds 
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through the sequential temporal sequence of these utterances. The analytical focus is on the relationships 
between utterances, which requires attention both to how an utterance derives its sense from prior 
utterances, and to how the utterance gives rise to further developments in the conversation: “In the case of 
conversation analysis, the complex phenomenological and sociological problems of mutual understanding 
between actors are rendered through the mutual monitoring of utterances for the completions, overlaps, and 
the like.” (Atkinson, 1988, p. 450). 
Since analytical primacy is given to how people create social order through their actions alone, 
ethnomethodologists are skeptical of the interpretivists’ ‘second order’ accounts of what’s ‘behind’ activity. 
This sentiment is wittily reflected in Garfinkel’s pun that there is nothing in the head except brains. 
Ethnomethodologists conduct analyses without reference to external sociological constructs (e.g., ‘class 
structures’) beyond those needed to conduct the analysis itself – they are opposed to the imposition of 
sociological theory where participants do not require that theory to make their situations intelligible. The 
concept of ‘meaning’ underlying participants’ utterances is not meaningful for ethnomethodologists: “even 
though [conversation] is a language activity, ethnomethodology is concerned with the organization of the 
activity carried on through talking, not with the referent of that talk” (Peyrot, 1982, p. 269). 
This focus on that empirical moment-to-moment detail of spoken conversation is not to be mistaken for the 
empiricism of scientific method, which posits that phenomena can be discovered in themselves. Rather, 
ethnomethodology reconfigures the relationship of the researcher to their domain of study by dissolving 
that very distinction: the sociologist is inescapably a member of the society they wish to study. The 
recognition of the reflexive dyad between researcher and the object of their study is also a foundational 
tenet of the ethnographic approach in general, though Hammersley and Atkinson (1983) state this dyad as 
an existential fact rather than a methodological commitment. 
The pragmatics of real research and development environments and an increasing interest in user-centred 
design have inspired a range of alternative techniques for understanding work practice without recourse to 
detailed conversation-analytical studies or longitudinal ethnographic studies spanning months or years. 
Central developments in this area have come from the fields of participatory design and action research in 
the Scandinavian tradition (see, for example, Ehn, 1988; Greenbaum & Kyng, 1991; Walters, 1986). In this 
view, researchers (often designers) seek to understand cultures and societies as inspirations and foundations 
for design activity. Here, the researcher’s/designer’s place within their domain of study is being 
progressively reconfigured as new ways to understand ‘users’ and ‘use contexts’ are explored. Implicit in this 
research is a sensitivity to the relationship between the researcher and their domain of study, no doubt in 
part because the researcher often seeks to support new ways of working by understanding existing work 
practices. This pursuit of deep understandings of work contexts under industrial constraints allows and 
indeed demands a much greater freedom of method, which has prompted a range of innovative methods for 
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fieldwork and ‘analysis’. One such interpretive method in particular has been utilised within this thesis, and 
is discussed through the remainder of this chapter. 
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4.2 -  Choice and just i f icat ion of  research method 
At the outset, my experience as an engineering designer had engendered in me a tacit philosophy of the 
nature of engineering design work, and as such, the suitability (or not) of certain methods was somewhat 
predetermined. My efforts in researching method have been towards articulating, developing, consolidating 
and critically evaluating my budding philosophical stance (with its bundled methodological implications) 
rather than conducting a line-up of potential methodological candidates from first principles. In this 
particular corpus of work, in research, and in general, I claim, philosophical commitments are the seeds as 
well as the fruits of inquiry. Garcia and Ouek (1997) make an equivalent claim with reference to the 
quantitative/qualitative ‘divide’:  
“The question is not whether quantitative techniques can offer to the researchers what 
qualitative techniques cannot and vice versa, but rather on the theoretical and philosophical 
assumptions which guide the research and therefore determines which methodology one 
uses.” (Garcia & Ouek, 1997, p. 5) 
I see engineering design as closely tied to the notion of ‘invention’ - a highly creative, intellectually 
demanding, often collaborative endeavour, grounded in the link between a bodily understanding of the 
physical world and an understanding of the physical/mathematical constructs that are used to represent that 
world. 
My aim in this thesis is partly to develop a detailed account of how engineers’ artefacts support the work 
they do, which has grown out of my initial interest in innovation within engineering design, as discussed in 
Chapter 1. I also seek, through this research, to draw upon and contribute to my parallel life as a practising 
mechanical engineer. My intention is not to ‘model’ design activity or to formulate some underlying Grand 
Unified Theory or framework, but rather to witness and present details of authentic interactions, developing 
in the process an understanding of why and how those interactions support design activity. As such, the 
means I use to study and analyse engineering design must be interaction-oriented, must attempt to preserve 
the ecological authenticity of the domain, and would ideally capitalise on my existing engineering expertise 
and contribute to the ongoing development of that expertise. 
For these reasons, I take an interpretive approach in this thesis, using the documentary method to present 
and interpret empirical qualitative data I collect during fieldwork in an authentic engineering design setting. 
This is the approach that is coming to be known as an ‘interpretive field study’ (Klein & Myers, 1999), and 
could also be described as a ‘constructive analysis’. Referring to the artificial yet convenient distinctions 
discussed in the previous section, my approach would be termed naturalistic, qualitative and interpretive. A 
naturalist worldview embraces the subtleties of social worlds such as engineering design environments: “The 
naturalist resists schemes or models which over-simplify the complexity of everyday life” (Denzin, 1997, p. 
168). I believe, with Minneman (1991) that a qualitative approach is more likely to give rise to meaningful 
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understandings of interactions in engineering than is a quantitative approach. While hypothesis-testing, 
protocol analysis, statistical analyses and the scientific method have made clear contributions to design 
studies in the past, my ‘insider’s’ appraisal of such studies and recent trends in research methods suggest that 
quantitative treatments of engineering design may no longer be providing the insights that researchers are 
looking for. 
In particular, I acknowledge Minneman’s (1991) methodological orientation for design research, which I 
believe provides a sound basis for improving our understanding of everyday engineering design practice. In 
studies of design, Minneman (1991, p. 9) advocates: 
• Process inseparable from structure over structure giving rise to processes 
• Wholeness of activity, knowledge, and setting over the reductionistic goal of abstraction 
• Constructed and interpreted reality over Cartesian and objective reality 
• Accounts of behaviour (describe/approximate) over modelling (predict/determine) 
• Cooperative, enrolling, research methods over domineering experimental methods 
• Intervening, involving, research situations over distancing and objectification 
In light of these tenets, I focus in this thesis on the use of design artefacts as exhibited within the collected 
data – the analysis does not go beyond this data. An interpretive approach also allows me to further utilise 
the field techniques and analytical tools I learned through my work in user-centred design, discussed in 
Sections 4.4 – 4.7. 
In the stark light of Forsythe’s (1999) comments (see Section 4.1) I cannot claim to be working to the 
methodological standards of a trained anthropologist, hence I use the term ‘interpretive field study’ over 
‘ethnography’ to describe my approach. However, of Ball and Ormerod’s (2000) ten principles of the 
prototypical ethnography (see Section 4.1), I claim adherence to all except those of ‘intensity’. The principle 
of intensity is that “Observations are intensive and long-term so as to enable the observer to become 
immersed in the ongoing culture of the observee’s environment” (Ball & Ormerod, 2000, p. 406). 
Unfortunately, “long-term” access to commercial engineering design environments (and indeed many work 
environments) presents a number of problems to researchers, the most obvious being that companies are 
unwilling to have an ‘outsider’ observing their proprietary activities. Ball and Ormerod (2000, p. 408) 
acknowledge lack of intensity as the most common contravention of their ten characteristics, owing to the 
aforementioned constraints: “[this] means that observational intensity will tend to be diluted in favour of 
temporal specificity, whereby the researcher samples snap-shots of ongoing behaviour over short-term 
company visits of days, weeks, or at most a few months.” 
After unsuccessful initial attempts to conduct studies in industry, my early studies of university-based 
postgraduate research teams in engineering revealed them as being unsatisfactory for my particular 
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purposes. This led me to undertake a short-term field study within a commercial engineering research and 
development consultancy (details of these studies are discussed in the next section and the following 
chapter). 
I believe an interpretive approach is more appropriate for my research than an ethnomethodological 
approach, for two reasons. Firstly, as part of my research, I wanted to compare and contrast the analytic 
perspectives of Distributed Cognition, Activity Theory and situated action on the interactions I observed. 
While Suchman’s flavour of situated action is grounded in ethnomethodology, the other theories tend to be 
based on ‘applied ethnographies’ and interpretive field studies of one kind or another, so conducting my 
own interpretive field study would create a common denominator for this comparison.  
Secondly, I believe an interpretive approach is more useful than an ethnomethodological approach in 
studying interactions between humans and artefacts. Unlike a spoken conversation between two humans, in 
which the interaction creates its own somewhat public sonic record, interactions between humans and 
artefacts can be much more subtle, particularly when participants have unique domain expertise. Here, 
taking an interpretive, constructive approach enables me to use my domain expertise in engineering design 
to my advantage, enabling me to make sense of situations that may confound a non-engineer. Where 
ethnomethodologists are fond of developing a ‘rough competence’ in their domain of study, I draw instead 
on a rough competence in field techniques and a strong competence in my domain of study. 
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4.3 -  F ie ld studies 
First attempts at field studies 
When conducting observational field studies, the intention of the researcher is to develop a rich 
understanding of their domain of interest. As such, there is a strong motivation to collect as much data as 
possible while in the field. The most common means of collecting field data are through interviews, passive 
observational field studies, and participant observation (in which the researcher ‘participates’ in the 
informants’ activities). Data can be in the form of video, audio, field notes, reflective journals, sketches, 
artefacts from the field, and representations of artefacts, though perhaps the most valuable ‘data’ is the 
researcher’s own experience through conducting the study. Unlike other types of studies, most interpretive 
field studies are conducted without a strong preconceived notion of what counts and doesn’t count as data – 
part of the researcher’s skill is in being sensitive to the range of possible informants within the domain they 
are studying. As Sharrock and Hughes (2000) argue, “In the ethnographic setting it is all data, though there 
is no sense to having all the data.” 
The means of data collection and the nature of the researcher’s experience in collecting that data will always 
be subject to the constraints of the domain. My first challenge, and indeed the first hurdle for most research 
of this type, was finding appropriate engineering design environments to study. 
Initially, I approached a number of local commercial engineering consulting firms, describing the nature of 
my research, offering suggestions of potential benefits they would reap in supporting my research, and 
requesting access to their work activities. The response (or lack thereof) to these early solicitations was 
somewhat underwhelming, though I was aware from my prior field studies in user-centred design that 
access to genuine work contexts is perhaps the greatest hurdle for researchers. 
At this stage, I decided to revise my approach, and sought instead to conduct studies of engineering 
designers operating within postgraduate research groups at the university. I made two promising starts to 
studies within the university environment, neither of which came to fruition. I will present cursory details 
of those two attempts below, but the details of the successful field study that forms the basis of this thesis is 
discussed later in this chapter. 
The most obvious option for me at the time was to conduct a study of the engineers within one of my own 
research groups. From the early years of my undergraduate studies, I had from time to time been 
participating ‘extra-curricularly’ as an engineer in a research group developing technologies in renewable 
energy. I had been associated with these particular mechanical and electrical engineers to varying degrees 
from the very inception of that early research, both socially and in professional environments. My return to 
university for postgraduate studies coincided with similar moves on behalf of the other members of this 
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team, though their research focus was squarely upon developing sustainable energy technologies rather than 
studying engineering design itself. 
This small postgraduate research group, which I will call EnerGen, had decided to design and build a hybrid 
vehicle as a catalyst, test bed and demonstration of their research into alternative energy. The students had 
demonstrated clear aptitude for such research through earlier work in designing, building and racing a 
highly successful solar car, and so this new research was well-supported both within the university and 
from industry sponsors such as Lotus. I saw this endeavour as an ideal opportunity to study genuine, 
innovative engineering design practice from the ‘inside’, as a participant observer. My proposal to the other 
engineers and their supervisor was reasonably well received, though a few were understandably concerned 
that they would have to do extra work beyond their normal day to day activities. 
Soon after my proposal was approved, I attended, participated in and documented a weekend-long strategic 
design workshop/retreat held by the 7 postgraduate students and supervisor in a cabin in the mountains. 
The main foci of this weekend workshop became: 
a) developing a core design values to embody in the vehicle (‘what are we building?’) 
b) developing ‘elements’ of the vehicle that could be treated pseudo-separably (electrical, mechanical, 
chassis, shell…) 
c) creating working roles for the researchers themselves (‘who is doing what?’, ‘who is responsible for 
funding, marketing?’ etc) 
d) developing a timeline for design, construction and testing of the vehicle over the coming years. 
I treated this weekend as the start of the field study, and over the following days I kept in close contact with 
the engineers in EnerGen. This was made easy by the fact that their communal office happened, by 
coincidence, to be just two doors down from my own. At this stage, I was relying on a reflective journal to 
document and reflect on my observations.  
I soon came to realise that while that project was very novel and would present some interesting design 
challenges in the future, the group was still some time away from the ‘hands-on’ part of the project. At that 
stage, the group was at the start of a multi-year project and facing a number of issues that were not of 
foremost interest for me – creating a new research identity within the department, attracting funding, 
purchasing equipment, setting up a new laboratory (which involved organising the renovation of an older 
building), structuring the team’s responsibilities and so on. While such a dynamic environment would 
certainly give rise to interesting field data, I began to understand that it would quite be a number of months 
before I would be able to observe any of the generative conceptual design or ‘nitty-gritty’ detailed design 
activity that I was interested in. That is not to say that the engineers activities at the time were not ‘design’ – 
they were just not doing the kind of design I was looking for. 
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Such judgment of ‘what is interesting’ clearly placed me within the interpretive school of field research 
from the beginning. My interest and participation within the group’s activities waned, and I found myself 
spending less time observing and working in the EnerGen office. While at the time I put it down to greater 
time pressures from other aspects of my research, upon reflection it was simply that I was not finding the 
field work to be producing data I could use meaningfully. I found myself becoming impatient with the 
administrative and political elements of the work I was doing. Within weeks, my research interest in the 
EnerGen group had cooled, though I later contributed within the group as a mechanical engineer. 
Subsequent to the false start at EnerGen, I learned through a colleague of a different group of postgraduate 
researchers working on the development and testing of novel solid rocket fuels. The university has a 
particularly strong research program in hypersonics, aerospace and space engineering, which are grounded 
in the mechanical engineering department. I approached the research group to seek their participation in 
my research, and they were willing to oblige. It so happened that, at that time, they were on the brink of 
initiating their testing program for the rocket design they had been developing, so I first met the team in 
person on the launch site, an external explosives research and testing facility. 
Listening from a distance of 200 metres to the deafening, high-pitched shriek of rapidly oxidising propellant 
and watching the elation on the faces of the student engineers, I could not help but feel that I had missed 
the boat on this particular design project. While the group had kindly offered carte blanche to observe their 
ongoing testing and provided access to the email correspondence that had been generated through the 
course of the earlier stages, I felt that that particular domain would not prove to be fertile ground for the 
kinds of design activity I wanted to research. Thanking the researchers, I again withdrew from the field. 
At this point, I redoubled my efforts to find industry-based engineering teams to study, which led me to the 
door of Emco Engineering. 
Approaching Emco Engineering 
Emco Engineering Pty Ltd is a small niche consulting mechanical engineering firm specialising in research 
and development. Their work includes machine and process design, experimentation, computational 
modelling (including Computational Fluid Dynamics (CFD) and Finite Element Analysis (FEA)), innovative 
new product development, failure and accident analysis, robotics and automotive consulting, expert witness 
work, project management and commercialisation. The premises take up a ground floor corner of a modern 
glass and steel building, situated in a research and technology precinct in a city of about one million people.  
The consultancy is nearly 20 years old and was founded by the director, an experienced and well-regarded 
chartered mechanical engineer. He has the qualifications required to legally sign off on engineering design 
and analysis work. Three other mechanical engineers and an administrative assistant complete the core staff 
roster. They service a mix of local, national and international clients, working on a wide range of projects 
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across different domains. Their portfolio of completed design projects includes mechanical garden care 
products, electronic drug delivery devices and instruments to measure performance of athletes, through to 
innovative automotive and marine transmissions. 
I first heard of Emco Engineering when the company offered their services on a mechanical design project I 
had been involved with some years earlier. I had also made a personal contact with a staff member through 
a mutual friend, and knew of people who had worked there through the local network of engineering 
professionals and academics. 
I formally approached Emco by sending an introductory email to the company director telling him my 
research interests and asking if he and his staff would be interested in participating in my study. He 
responded by tentatively agreeing and inviting me in for a face-to-face meeting in their office the following 
week to discuss the matter in more depth. 
Negotiating the terms 
I met over coffee with the director, David, and a senior engineer, Nathan, to discuss my research and 
negotiate the terms of my study, should I be allowed to conduct it. I made it clear that I was interested more 
in looking at the nature of general engineering design work than in the specific details of their particular 
project or the technical competence of the staff. One of their primary concerns was preserving the 
anonymity of their company and their clients, and keeping the more sensitive details of their project work 
confidential. They also joked that they didn’t want their company to get a bad reputation as a result of 
something I published, and this is a common and legitimate concern. As Hammersley and Atkinson (1983, p. 
65) state, “Gatekeepers will generally, and understandably, be concerned as to the picture of the 
organization that the ethnographer will paint, and they will have practical interests in seeing themselves 
and their colleagues presented in a favourable light.” 
I followed the mandates of the University ethical clearance committee in briefing the engineers on what I 
would be doing. At the same time, I followed Mackay’s (1995) ethical guidelines for steps to take prior to 
video recording participants, which included: 
• Establishing what constitutes informed consent 
• Informing people of the presence of live cameras 
• Asking for permission before videotaping 
• Explaining the purpose of the video 
• Explaining who will have access to the video 
• Explaining possible settings for showing the videotape 
• Explaining possible consequences of showing the video 
• Describing potential ways video might be disguised 
Things to Think With 
 78  
They agreed to let me observe and film them at work for up to three days over the space of a fortnight, 
subject to certain conditions, many of which we had already discussed. While I was welcome to contribute 
to any brainstorming sessions they ran during my study, they did not think it would be feasible for me to 
participate in the general design activity, for liability reasons. This meant that I would be taking an 
observational rather than participative role in conducting the study. I would have to sign a confidentiality 
agreement, placing defined constraints on how I could use the information I was given access to. I would 
have to approach each staff member to seek their permission to be filmed. I would have to stop filming the 
minute any staff member asked me to, for whatever reason, and I must request their express permission any 
time I want to use any field material in public. The study has also been approved through the university 
ethical clearance process. 
The engineers introduce the company 
Having negotiated the terms of the study, the director and senior engineer described to me their company 
structure, allocation of responsibilities, project timing, staffing and some other general issues. 
The demand for the services that Emco offers varies over time, partly because the highly specialised nature 
of their work means they get ‘chunks’ of one-off work more than a steady stream of ‘bread and butter’ work. 
The director occasionally takes on extra staff on short-term contracts to help out during demanding periods 
of work, and from time to time they take on students from local and international work experience 
programs. Each engineer usually works on a number of projects concurrently, whether as an individual 
consultant or as part of a team together with one or more of the other engineers. While the director does 
analytical and engineering design work from time to time, much of what he does is at the level of managing 
the business, attracting and dealing with clients, and overseeing the work of the other engineers. 
The engineers have a common grounding in mechanical engineering fundamentals, but each engineer has a 
public, marketed profile that promotes their unique set of competencies and responsibilities. For example, 
one of the staff members has their specialty listed as ‘new product development’, while another specialises in 
rapid prototyping. In practice, the engineers spend time in a variety of different technical roles, as will be 
seen in Chapters 5 to 8. 
The engineers frequently liaise with parties outside the company such as clients or contractors, and the 
company director, David, demands a high level of competency in communication skills and report writing 
to complement the engineers’ technical abilities. The engineers communicate with the clients for a number 
of reasons, for example to get feedback on proposed designs, to expand on or clarify the design 
requirements, and to build and maintain mutual trust and understanding at all times. The engineers at Emco 
rarely do any of the final fabrication work for design projects themselves – they liaise with a number 
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different contractors during the design process, who will later supply components, fabricate and assemble 
different parts of a design, based on the plans that the engineers at Emco provide. 
David and Nathan also spoke about the particular details of their current major project. Nathan then offered 
me a guided tour of the workplace. 
First impressions of the staff and workplace 
The short corridor outside the formal meeting room leads back to the senior engineer’s office, the director’s 
office and the reception in one direction, and a common workspace snaking around to a back room in the 
other (see Figure 4.1) The senior engineer, Nathan, introduced me to the other two engineers, Rob and 
Michelle, and a French work experience student engineer named François (see Figure 4.2), all of whom 
were working within the common workspace at that time. François and Michelle each have a desk facing 
outwards from the common space, and Rob was sitting alongside François at his desk. 
 
Figure 4.1 - Floor Plan of the Emco Office 
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Figure 4.2 - The Engineers at Emco 
Nathan introduced me as “doing research in design methodologies” and being from [my supervisor’s] 
research group, which elicited responses from Michelle and Rob that indicated that they knew or knew of 
my supervisor. As mentioned earlier, this is not uncommon in the close-knit engineering community in the 
region. The engineers were all friendly and amicable, keen to introduce themselves and talk about their 
current projects. I described my research and the general nature of the study, and I sought their permission 
to be informants in the observational study. We talked about the conditions that the director, the senior 
engineer and I had discussed earlier at the briefing, and the engineers seemed more than happy to oblige, if 
a little bewildered by my interest in their everyday jobs. 
The office is a curious mix of carpeted corporate formality and ad-hoc backyard-inventor workshop. During 
a subsequent visit, I noticed Rob working quietly on a report at a computer while next to him Michelle was 
poring over a large semi-disembowelled household appliance, with tools, parts and stray wiring strewn all 
over the carpeted floor in an attempt to understand how it was engineered, after which they planned to 
optimise it. Michelle and Rob told me in the initial visit that they generally work at their own notional 
desks within the common workspace but that they also roam around and use other desks and computers 
depending on what they’re working on at the time. 
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The desktop computer monitors sitting on some of the desks display typical engineering software – CAD 
(Computer Aided Design) programs, FEA (Finite Element Analysis) software, spreadsheets and word 
processing software. Each desktop computer has the requisite mouse and keyboard in front of it, and much 
of the remaining desktop real estate is littered with sketches, printouts of line drawings, textbooks, sheets 
full of calculations, lists, scribbled notes, coffee mugs and so on. 
The common workspace is also home to the firm’s printer, photocopier and fax machine, numerous filing 
cabinets, and shelves full of textbooks, catalogues and reports. The engineering component catalogues are on 
a shared bookshelf, and Rob tells me that Nathan has all the books on fluids and heat transfer in his office, 
and David has the references on accounting, finance and “the legal stuff”. Rob nudges Michelle and jokes 
that “Michelle is the one who’s always looking up books.” Hanging on the walls in the common workspace 
are pinboards with notices, cartoons, jokes and social photos, and there are also a few whiteboards covered 
in multicoloured sketches, lists, scrawlings and calculations. Numerous engineering ‘pinups’ also grace the 
walls, most prominently pictures of a Lockheed SR-71 Blackbird, an F117 Stealth Fighter in flight, and a 
space shuttle standing majestically on its launch pad. 
At one end of the shared workspace is a ‘back room’ used for storage of books, files, and various mechanical 
odds and ends from current and past projects, including skateboard parts, printed circuit boards, tools, 
wiring and bits of PVC tubing. 
A few indoor plants brighten the office interior, and all of the rooms on the external wall of the building 
have large windows that look out onto lawns, the car park and beds of native trees. In many ways, the office 
appears representative of small engineering offices in general. 
I note the glass panels beside the door to Nathan’s office, and Nathan explains how they usually keep their 
doors open, but even if the door is closed, the windows make it possible for the staff to see who is busy and 
who is amenable to a chat. 
The tour finishes in Nathan’s office. His computer screen displays a convective heat transfer model he is 
creating. He is using FEA (Finite Element Analysis) software to model the heat and air flow around a person 
standing in a room, in order to impress a particular prospective client with the engineers’ standard of 
modelling. He has imported a polygonal model of a human body into the model and is in the process of 
designating it as a heat source. Seeing the model, Rob chuckles and says, “you know, you could have just 
used a cylinder”, and Nathan laughs and replies, “but that wouldn’t look as cool!” When I ask Nathan about 
how much of the work they do on paper as opposed to using software, he describes how they “basically just 
choose the tools to suit the task - sometimes we do handwritten calculations first then go to the software, 
but other times like when we’re modelling a turbine blade and we need to work out where to add material, 
we just go straight into modelling.” Rob adds that “some software is like pencil and paper… like with 
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MathCAD6, you can type out the calculations like you would in a notepad, but then change the figures. 
With a piece of paper you have to do it all again.” 
The client 
The client for Emco’s current major project is RockPro, 
a company dealing in specialised tool attachments for 
earthmoving vehicles, tractors and other heavy 
construction equipment. The client company mainly 
sells ‘off the shelf’ attachments to its customers, but the 
client has identified a market opportunity for a 
particular type of attachment, and they are looking to 
expand their product range with this custom-designed 
attachment. The attachment is essentially a large 
rotating wheel at the end of a long arm or ‘boom’ that 
attaches to a standard earthmover. A typical 
earthmover (with a boom already attached) is shown in 
Figures 4.3 and 4.4, but in the case of Emco’s project, 
they have to design this boom as well as the wheel 
attachment at the end. RockPro have developed the 
concept at a very basic level themselves, and have 
contracted the engineers at Emco to design a ‘proof of 
concept’ prototype in detail and oversee its 
construction. 
                                                          
6 MathCAD is software that enables symbolic mathematical calculations to be typed out and modified ‘live’ – 
changing the symbolic calculations affects the results of the calculations displayed further down the page. 
Figure 4.3 - The type of earthmover for 
which the attachment is to be designed 
Figure 4.4 - The type of earthmover for 
which the attachment is to be designed 
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The machine concept in brief 
The ‘head’ of the machine is a 3 metre diameter high speed wheel rotating in the vertical plane, which is 
connected to a long arm (or ‘boom’) extended out the front of an earthmoving vehicle with caterpillar 
tracks. A simplified schematic of the wheel attachment and arm is shown in Figure 4.5. 
 
Figure 4.5 - A Schematic of the machine concept 
 
The engineers at Emco have to design the arm and the 
wheel attachment to fit an existing ‘amputated’ 
earthmover (Figure 4.6). The client would like a feature 
whereby the wheel attachment can be detached and 
replaced with a forklift-like attachment or a bucket-
like attachment at the end of the boom. These 
alternative attachments can be purchased ‘off the shelf’ 
and aren’t within the scope of Emco’s project, but the 
engineers must provide a universal connection or ‘quick 
attachment’ at the end of the main arm to facilitate the 
use of these other attachments. 
While the boom itself is a single, rigid steel structure, it has pivots and hydraulic rams at each end, allowing 
the boom and wheel attachment to be pivoted up and down. Figure 4.7 (top) shows how the wheel 
attachment itself can be tilted up and down by activating the hydraulic ram on the left of the diagram. 
Figure 4.7 (bottom) shows how the main boom can be lifted up and down by activating the hydraulic ram at 
Figure 4.6 - The earthmover with its main 
arm removed 
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the right of the diagram. Note that to keep the wheel attachment horizontal, the hydraulic ram on the left 
has to activate as the main boom lifts up. 
 
Figure 4.7 - Two independent hydraulic rams move the machine in two different ways 
At the far end of the boom is the ‘quick attachment’, where the wheel attachment can easily be swapped for 
a forklift, bucket or other attachment. The wheel attachment splits into two separate hollow steel structures, 
one on each side of the large wheel. These are called the ‘forks’, the same name as a similar construction that 
typically holds the front wheel of a bicycle. In the parlance used by the engineers at Emco, this structure is 
the ‘box fork section’ or ‘box section’ or ‘box structure’. The left and right forks don’t look identical - the 
structure on the right side has a motor and gearbox hanging off the outside, which powers a drive shaft that 
in turn powers the rotating wheel. 
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During the time of the study, the engineers were working on a few different parts of the design of the 
machine at once. 
Main boom geometry and forces 
At the time of the study, the exact geometry of the main boom is still undecided – that is, its length and 
shape, and the locations of the pivot points and the hydraulic rams. The client has sent a preliminary 
‘sketch’ showing what they had in mind for the geometry of the main boom, but the engineers soon 
discover this will not work, so they set about experimenting with different boom geometries. One of the 
constraints on the geometry is the magnitude of the internal forces that are generated in the main boom and 
in the pivot pins, and Nathan has developed a set of calculations that determines the forces in the pins at 
different geometries. While Nathan is away on a holiday, Michelle and Rob discover that Nathan’s model is 
flawed, and so Rob and François have started to developed their own calculations to determine these forces. 
Design of the machine ‘head’ 
The design of the wheel attachment itself (the ‘head’ of the machine) is still in development. While the 
general principle has been agreed upon and some of the layout has been done, many of the details are still 
being negotiated. 
The rotating wheel is rigidly fixed to cylindrical shafts on either side. The shaft on the left side only goes as 
far as the bearing in which it is spins, but the shaft on the right side continues through its bearing to a 
gearbox, which is connected to a motor. Taking an anthropomorphised perspective, if you imagine yourself 
as being where the quick attachment is and stick your arms out rigidly in front of you to represent the forks, 
then make your thumb and forefinger into an ‘o’ on each hand as if you were holding a metal bar (the drive 
shaft) as far away as possible. Each of your ‘o’s is now a bearing, and the shaft can turn freely in the bearings, 
as if your hands were covered in grease. The wheel is rigidly fixed to the shaft that is held between your two 
hands, but since the shaft is free to turn as it’s driven by the motor, the wheel can also rotate. 
The wheel attachment or ‘assembly’ isn’t that different from the kinds of parts one would find on other 
heavy machinery. Equipment such as this is typically built from very thick, heavy duty steel. Assemblies are 
so named because they are ‘assembled’ from a number of discrete parts, which may have been fabricated 
from steel plate or pipe, or cast into desired shapes from liquid or powdered metal, or bought off-the-shelf, 
or sourced in any number of other ways.  
Part of the ‘head’ of the machine is an oddly-shaped steel component that structurally connects the motor 
and gearbox to the forks structure. Rob has developed a preliminary design for this component, which, in 
Nathan’s words, has to be strong enough for “hanging the motor and everything off”. This component will 
be fabricated by cutting shapes out of thick metal plate and sections of thick metal tube or ‘circular hollow 
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section’ and welding them together. These flat plates attached around the circumference of the end of a tube 
or pipe are commonly called flanges. Michelle explains to François what she is working on - “We’ve just got 
to work out which size weld we’ve got to put on these flanges here so we can hang the gearbox off this side 
and attach it here on the other.” In determining the sizes of the welds (that is, the amount of metal that has 
to be added to join the two parts together), she takes into account a number of considerations, 
predominantly the severity of the forces transmitted through the weld. 
Rob is developing a design for the matching steel assembly on the other fork, but this will be slightly 
different from the one he’s already designed because this side doesn’t have to support a motor and gearbox, 
and also uses a smaller bearing. One of the issues he’s dealing with is finding a design that is both easy to 
manufacture and easy to assemble and disassemble. 
The wheel assembly has a number of moving parts and other components that need to be shielded from the 
abrasive environment in which it operates, so the engineers are working out how they can seal off these 
more sensitive areas of the assembly. The bearings in particular need to be kept free from grit and well 
lubricated, and the engineers are trying to solve the problem of keeping the bearings amply supplied with 
grease. 
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Overview of the engineers’ activities 
The engineers are working on a number of ‘threads’ of activities as the study takes place. 
Michelle’s Weld Calculations 
The type of calculations that Michelle is working on 
are common in a mechanical design office – 
determining the stresses that the weld will be subjected 
to, and then working out how ‘thick’ the weld should 
be, what material should be used for the weld, or 
perhaps redesigning the machine to reduce the 
operating stresses. She has developed this mathematical 
force model of the weld using her pen and notebook 
and MathCAD (mathematical modelling software) on 
the desktop PC in parallel. 
Rob’s Line Drawings of the Attachment 
Rob has been developing the design of the ‘head’ of 
the machine - the wheel attachment that contains the 
motor, gearbox and the large rotating wheel. He has 
been using AutoCAD, an engineering drawing 
package, to progressively draw up the design as it 
evolves. While he uses the software to draw up the 
design, most of the collaborative work takes place 
around printouts of the drawing. 
François’ Line Drawing of the Main Boom 
François has been experimenting with the geometry of 
the main boom to see how they can reduce the forces 
in the pivot pins. He has been drawing up a modified 
geometry using AutoCAD, and doing calculations at 
the same time to determine how the forces vary with 
changing geometry. 
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Nathan’s Geometry and Force Calculations 
Before Nathan went away, he developed a 
mathematical model of the geometry and forces in 
the main boom using MathCAD. When it proves to 
have errors, Nathan and Michelle set about 
debugging these force calculations. 
 
Nathan’s and Michelle’s Main Boom Drawing 
As Nathan and Michelle work through his model, 
they talk around and draw on an early schematic of 
the main boom that Nathan had drawn, and which 
Michelle had later reproduced in her notebook. Rob 
gets drawn into the discussion as well, sparking a 
debate about the best way to calculate the forces in 
the main boom. 
 
Rob’s Geometry and Force Calculations 
As debugging Nathan’s model becomes more 
problematic over time, Rob volunteers to develop 
his own calculations of the forces in the main boom, 
expanding on the work that he and François have 
done already. He works with both pencil and paper 
and MathCAD to develop this calculation model. 
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Collecting field data 
As a result of my experiences with prior field studies and my discussions at Emco, I had decided that the 
principal record of my observations would be via a video camera, for a number of reasons. 
I had limited access to the domain, so I wanted to make sure that the time I had was used effectively. One 
advantage of video is that it can capture a high level of detail, so that even short segments of video can 
embody a wealth of material for reflection. Taking video of my observations would enable me to consolidate 
and revisit my experiences away from the field, where time pressure is no longer an issue. 
From an analytical perspective, I wanted a rich reference upon which to base my interpretations - I did not 
wish to base my thesis entirely upon my memories, field notes and so on. Jordan and Henderson (1995) 
agree:  
Unlike fieldnotes or stories that highlight "important" aspects and pass over "unimportant" 
ones, video records social events as they occur and with a level of detail that is unattainable 
for methods that rely on reconstruction. The camera's bias is consistent. Thus we would 
argue that videotaping, the mechanical audiovisual fixation of an event, produces data much 
closer to the event itself than other kinds of re-presentation. (Jordan and Henderson, 1995, 
p. 55) 
Engineering work in general is very jargon-laden, and I suspected that I would find much of the material I 
observed to be difficult to understand at first glance, so I wanted the opportunity to build up understanding 
through repeated viewings. 
My experiences with using a particular interpretive-analytical tool, the Video Card Game (discussed later in 
this chapter) had prompted me to consider this collaborative video interpretation exercise as a starting point 
for my analysis. At this early stage of my research, I did not want to rule out the possibility of using a Video 
Card Game, which requires video material as stimulus. 
Finally, the prior ‘false start’ field studies had helped me to realise that I was not as interested in the broader, 
macroscopic evolution of a design project, but in the moment-to-moment interactions that occur in design 
meetings, and in collaborative and individual design activity. I would be interested in where engineers look, 
what they say, how they write on and gesture around notebooks, whiteboards, and Post-its™, how they use 
their hands to gesture and point, how they manipulate artefacts such as prototypes, how they move around 
the workspace and interact physically with computers, reference texts, other engineers and so on. 
Describing interactions on this level of detail in the absence of a video camera would be near-impossible, 
since “there is no ready descriptive vocabulary for bodily behaviour which could capture such activity in 
notes” (Jordan & Henderson, 1995, p. 56). 
Things to Think With 
 90  
At the same time, bringing a video camera into any environment creates its own particular issues. Fieldwork 
of any kind imposes a disturbance upon the domain of interest, and my intent was to disrupt the engineers’ 
work environment as little as possible. Any field researcher, but particularly one wielding a video camera, 
has the potential to create distorting pressures on the informants they wish to observe. The field techniques 
I had learned through undertaking video field studies in user-centred design practice helped me somewhat 
in this regard, and I was confident that I could be sensitive as to when it was appropriate to use the video 
camera or not. 
I also intended to write a field journal during times when I was not videotaping participants, and intended 
to make records of the physical artefacts that the engineers used as they worked. 
The field study 
My first day at the company (the day of the initial negotiation meeting) had been spent meeting the staff, 
discussing and seeking permission for my research study, touring the office and becoming familiarised with 
the project and company. The field study proper started the next working day. At this point, consistent with 
the data presented in the remainder of the dissertation, and as discussed in Section 4.7, I will revert to 
writing in the present tense, as if my experiences are unfolding as this document is read. 
The only staff present when I arrive in the morning are the administrative assistant and François, the 
exchange student, so I take the opportunity to film around the empty workspace and chat with François 
about the work he is doing. 
François alternates between working on an AutoCAD 
drawing at the computers and rifling through a sheaf of 
his hand written calculations. He says he is trying to 
change the position of some of the pivot points on the 
arm they’re designing, in order to calculate the new 
anchor points to see how the forces change. As he 
explains, he zooms in the model and shows me the new 
geometry he has developed. 
Meanwhile, Michelle arrives, greets us and starts typing 
at her computer, working through some calculations 
she’s doing using MathCAD. She is resting her chin on 
her hand, elbow on the table, while she uses the mouse 
to click down the ‘scroll down’ button. For a while, the 
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only sound in the room is that of the engineers typing and clicking mouse buttons. 
Nathan the senior engineer arrives at the office, fresh 
back from his holiday. He has been travelling with his 
partner, who was attending a conference. He walks into 
the common workspace, cheerily greets Michelle, 
François, and myself and nods a greeting as Rob walks 
past with his lunch in a plastic bag. Nathan talks about 
the stunning views where he had been, and describes 
an ‘amazing house’ he saw on the coast, which was 
cantilevered off the side of a cliff and supported by a 
single pole. He sketches what he saw on the whiteboard 
to the left of Michelle’s desk. 
Soon thereafter, the engineers informally start discussing their progress and plans. The data from the 
observational field study, starting at this group meeting, is attached in the Appendix for reference, as 
discussed in Section 4.7. 
Some post-study reflections 
At the end of the first day of the study, I noted that I was struck by the richness of the interactions I had 
observed and videotaped.  Much of the engineers’ work that day happened to be collaborative, spoken 
interactions with each other around a whole range of artefacts. I had the immediate impression that the 
video I had captured contained a great deal of valuable data. I expanded on my field notes with copious, 
sketched thoughts reflecting on what I had observed and what it meant.  Reviewing the video, I was also 
dissatisfied with my camera technique.  At the time, I had chosen to ‘go solo’ instead of have a separate 
camera operator, to minimise intrusion, but I found that I had managed to film some of the richer 
interactions half out-of-frame, or at too high or too low a zoom. 
I also felt sheepish that a handful of times during the study I had slipped from the role of passive observer to 
engage with the other engineers and with the design problem as if I was a participant. Upon reviewing the 
video, I noticed that some of these interjections occurred in the more tense moments in the engineers’ 
discussions.  I find it a telling reflection on my field technique that in hindsight I felt the need to ‘ease 
tension’ at particular moments, though at the time my comments from behind the camera came naturally 
and were not a conscious attempt to defuse the situation.  I clearly attempted to change the mood of the 
discussions – that is, to directly influence the setting I was attempting to study as a passive observer.  For 
example, after more than an hour of attempting to debug his problematic mathematical simulation of the 
main boom, with little success, Nathan was becoming increasingly frustrated, which was not helped by 
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Rob’s growing insistence that he thought there was a simpler way to do it. Instinctively, I jokingly 
volunteered “Could be a glitch in the software”, to which Rob replies “No, it’s gotta be in the code, it’s just 
finding it!” and laughs. 
I regret interjecting here, because while at the time it eased tension for myself, it also influenced the spirit 
of the debate. It is left as an exercise to the reader to rank the dim-wittedness of my other few interjections, 
which come across as particularly inane when read in a transcript. Another example is when, as the 
engineers continued to iteratively revise and develop the calculation model, I couldn’t help but blurt out at 
one stage that the model’s output was “better”.  I suspect that at the time I felt engaged enough with the 
engineers that I thought my contribution was valid and warranted. What is more likely is that for them, I 
was just a guy standing watching them and holding a video camera, making strange comments.  At the very 
least, my flippant, spontaneous comments are testament to the inescapable reflexivity of the field researcher 
– we are a part of the social worlds we study. 
My feelings at the time were like those of Agar’s (1980) “professional stranger”:  
You arrive, tape recorder in hand, with a grin rigidly planted on your face. You probably 
realise that you have no idea how your grin is being interpreted, so you stop and nervously 
attempt a relaxed pose. Then you realise you have no idea how that is being interpreted. 
Soon you work yourself into the paralysis of the psychiatrist in the strip joint - she knows 
she can’t react, but she knows she can’t not react. It is little wonder that sometimes people 
hide in a hotel room and read mysteries. (Agar, 1980). 
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4.4 -  Col laborat ive analys is  of  f ie ld data 
The overwhelming majority of data emerging from the field study (in terms of volume) was in the form of 
video, which required analysis. The most widely known form of video-based analysis in HCI and software 
design circles is Video Interaction Analysis (VIA), from Jordan and Henderson (1995). VIA is a rigorous 
video analysis technique aimed at drawing robust interpretations of verifiable empirical evidence of 
moment-to-moment interactions. The technique is designed specifically to create a critical analytic 
environment in which to negotiate shared interpretations of data.  
Tenets of VIA include: 
• Knowledge and action are fundamentally social in origin 
• Theories of knowledge and action should be grounded in verifiable observable empirical evidence 
• Theorising should be responsive to the phenomenon itself rather than to the characteristics of the 
representational systems that reconstruct it – analysis is done directly on videotape 
VIA is grounded in ethnomethodology:  
Since locally sensible interaction is seen as the collaborative achievement of participants, 
our work as analysts lies precisely in specifying the ways in which participants make this 
orderliness and projectability apparent to each other and incidentally to us, the analysts. We 
look for the mechanisms through which participants assemble and employ the social and 
material resources inherent in their situations for getting their mutual dealings done. 
(Jordan & Henderson, 1995, p. 44). 
The process of Video Interaction Analysis firstly involves making rough content logs of video taken in the 
field, simply to be able to locate relevant excerpts on the tape. Video is then viewed by a multi-disciplinary 
collaborative work group, including the researcher. The video is operated by one person, and stopped 
whenever a participant finds something worthy of remark, around which a group discussion unfolds:  
Group members propose observations and hypotheses about the activity on the tape, 
searching for specific distinguishing practices within a particular domain or for identifiable 
regularities in the interactions observed. Proposed hypotheses must be of the kind for which 
the tape in question (or some related tape) could provide confirming or disconfirming 
evidence. The idea is to ground assertions about what is happening on the tape in the 
materials at hand. (Jordan & Henderson, 1995, p. 47) 
During this group work, a large number of observations and hypotheses are presented by the participants, 
with audio of the analysis session later ‘cannibalised’ by the researcher to support their ongoing analysis. 
Participants’ observations are integrated, thrown out, reclassified, or reinterpreted as the researcher’s 
analysis unfolds – the onus is on the researcher to use the participants “hypotheses” as they see fit through  
further analysis of video data or further field studies. While VIA avoids the use of predefined categories, 
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participants bring “ways of looking” or “analytical foci” when engaging with the video data. Of particular 
interest in the video material is the structure of events, temporal and spatial organisation of activity, turn-
taking, participation structures, trouble and repair, artefacts and documents. This process of looking is 
initially informed by what one is interested in, but it evolves with the analysis. 
Some of the most promising development in the use of video as a means to develop understandings comes 
from research in user centred design (see, for example, Buur & Soendergaard, 2000;, Buur, Binder & Brandt, 
2000; Brereton, Bidwell, Donovan, Campbell & Buur, 2003; Pedersen & Buur, 2000). The user centred 
designer’s ability to create new conversations with technology (ideally) engenders a heightened sensitivity 
towards others’ conversations and interactions with technology and each other. Central to user centred 
design is the focus on having the user inform and contribute to design, which also involves contributing to 
the analysis of videotaped field studies. Buur’s Video Card Game was originally widely employed to engage 
users in analysing use situations, improving the usability of existing products and envisaging new use 
situations. 
The Video Card Game is particularly powerful in enabling novice video analysts (for example, software 
developers or users) to work with sufficient intensity to engage meaningfully with video material, without 
the intense, prolonged analysis sessions of VIA. Unlike Video Interaction Analysis, the Video Card Game 
demands a more open-ended, interpretive engagement with video material, as stimulus for designing. Buur 
et al. (2000) note that  
working extensively with recording and editing of video materials reveals an ambiguity and 
open-endedness of interpretation that makes it surprisingly dependent on the participation 
of actors, recorders, editors and viewers. … Video recordings from e.g. a contextual inquiry 
are no longer hard data but the first attempts to create stories that frame the design problem 
and impose order on the complexity of everyday life. (Buur et al., 2000, p. 1). 
Since the clips are seen out of context, it is recognised that the Video Card Game draws upon participants’ 
own experiences and interpretations as inspired by the clip material. The usage of the Video Card Game 
within this research endeavour was a tool for ‘opening one’s eyes’ to the activity rather than the final 
analytic product. In the end (in this usage of the Video Card Game), the researcher is responsible for 
ensuring that the representation of activity is accurate. The researcher is also responsible for undertaking 
the analysis proper, subsequent to the Video Card Game. The game itself is a method for exploring video 
material with a group of colleagues in a short period of time, rather than an analytical tool in and of itself. 
As Brereton et al. (2003) also point out, the method has the benefit of affording individuals whom are not 
experts at video analysis to draw meaningful themes from raw video footage. In contrast, Video Interaction 
Analysis requires a significant degree of training. 
Buur et al. (2000) identify the foundations of the Video Card Game to be the bottom-up structuring of 
observations from the anthropological tradition (Kawakita, 1982) and the participatory design method of 
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using cards to structure ideas (Tudor et al., 1993). They note in the spirit of McLuhan (1964) that video is a 
highly participatory medium, and like VIA practitioners, they eschew attempts to format the video into a 
written or diagrammatic representation, drawing instead on “ways of manipulating the material that can 
handle the ‘flow’ of real life interactions without detours of putting it ‘on print’.” (Buur et al., 2000, p. 2). 
Analysis is done directly on the data within the videotape, rather than on codified transcripts. Where Video 
Interaction Analysis (VIA) is a method aimed at robustly analysing video focusing on validity with respect 
to the original context, the Video Card Game treats video data as design material. The goal of the Video 
Card Game activity is not ‘analysis’ but exploration of ideas inspired by the video. While it cannot serve as a 
rigorous analytical tool, the benefit of using this approach to feed into a deeper analysis is that researchers 
can review a large amount of video material and develop candidate interpretations in a very discursive 
manner. 
Prior to the Video Card Game, the ‘raw’ video data from field studies is reviewed by the researcher(s) and 
episodes that seem significant are extracted as short clips, each of 30 seconds to 3 minutes in duration. What 
is deemed significant depends on the nature of the research endeavour and the judgement of the 
researcher(s) creating the clips, but the basic criterion is simply whether the clip can inform an 
understanding of the domain. A single representative keyframe from each digitised video clip is used to 
create a playing card for that clip. The playing card consists of the keyframe, the clip title and number, and a 
space for writing annotations – it is a tangible representation of the digital video clip. 
The Video Card Game itself is essentially a five-step process, though different permutations and variations 
have been used. Firstly, the participants are assembled and told the ‘rules ‘of the game. Participants work in 
pairs, and each pair gets a set of playing cards. This set of playing cards contains two cards for each of the 
video clips that have been allocated to that pair of players, so each individual player ends up with one card 
for each of their video clips. Each pair of participants then watches their video clips at a computer 
workstation, and each participant makes notes on their playing cards.  
Once the clips have been viewed, the participants return to a common table, where players arrange their set 
of cards in a grouping or ‘family’ that somehow links their clips together, if possible. Each player in turn 
explains their grouping to the other players. Then, each player selects their favourite of these grouping to 
develop into a theme, and invites other players to contribute cards/clips to their theme. Players with cards 
they believe can contribute to the theme must put a case to the ‘owner’ of the theme as to why the card/clip 
is relevant, including revisiting the video material if necessary. Note that each player has only seen a subset 
of all the available clips, so this presents a good opportunity to learn how other people have interpreted 
video sequences that may be related to one’s own clips. Finally, the players all discuss the range of themes 
that emerge, and the implications of those themes. The entire collaborative exercise takes anywhere from 
half to a full work day, but involves assimilation and critical interpretation of a wide range of video material 
in a short time. 
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While the Video Card Game was initially intended primarily as a means to engage users within the design 
process, it has also been used purely as a means to develop an understanding of a particular domain, or as a 
means to study interactions across domains. For example, Brereton et al. (2003) successfully used the Video 
Card Game to study gestural interactions across a number of domains. They found that the video card game 
allowed them to explore gestural instances using a ‘human-sized’ scale of analysis, making no attempt to 
physically increase this threshold using artificial devices such as frame-by-frame analysis. They warn that 
“collaboration may lower our collective threshold of conscious processing because we are attending to the 
collaborative environment itself as well as the video material we view. However collaboration in bringing 
other views and insights towards the data is considered invaluable.” (Brereton et al., 2003, p. 10). 
The large volume of rich video data I had accumulated in a single day’s field study at Emco Engineering 
persuaded me to run a Video Card Game workshop within my research group. While I had helped to 
facilitate Buur’s Video Card Games whilst working in user centred design (Fabius & Buur, 2000) and had 
been a participant and facilitator within my own research group (see Brereton et al., 2003), I had never been 
the sole facilitator of such an event. Before undertaking field studies, though, I had considered using the 
Video Card Game as a means to gain interpretive leverage off people bringing different perspectives to my 
field data. The very ‘thick’ video data I had captured in the field warranted extensive review, and I was 
looking forward to starting to negotiate the meaning of that data with others in my research group. 
Ultimately, the output from this Video Card Game activity was to feed into my individual in-depth analysis 
of the video material. 
I organised the Video Card Game workshop for a week after my initial day of field studies at Emco 
Engineering. I invited five other people to participate in the workshop: two mechanical engineers, a 
computer systems engineer, an electrical engineer and a visual artist, making a total of six including myself 
(another mechanical engineer). The participants were recruited from within my own university 
department. All the participants had previously worked in engineering, R&D and/or design environments, 
collectively spanning a number of countries. In total, there were five male participants and one female 
participant, aged between 22 and 35.  
Members of academic research groups are typically willing to engage in collaborative activities, for example 
weekly reading groups, informal discussion groups, workshops, design events, social groups, ‘morning 
coffee’ groups and so on. These collaborative events usually have an explicit purpose (e.g., ‘help me/us 
develop ideas for designing a widget’), but participants reap a number of ancillary benefits from 
participation including: 
• Contributing to others’ research. Participants enjoy lending their own expertise and thinking to an 
issue they are interested in. 
• Meeting other people socially, regardless of research background. 
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• Becoming familiar with other research and perspectives within the group or outside the group. 
• Arguing and debating perspectives and interpretations to help develop their own ideas. 
• Consolidating their membership to the research group. 
• Earning ‘favours’ that can later be drawn upon e.g., to help with their own analyses. 
Between the field study at Emco and the Video Card Game, I reviewed the video data several times in an 
attempt to identify salient, interesting segments that would create interest and cause controversy in the 
Video Card Game – debating whether clips belong in themes is where the video data is treated most 
critically. After several passes through the data, creating a rough content log and noting interactions of 
interest, I noticed that the greatest gap between ‘interesting things’ throughout the entire day’s video data 
was less than a minute.  
I decided to take an alternative strategy: instead of attempting to use the entire body of video data as review 
material, I would limit the Video Card Game to the first hour of video data, and use this data in its entirety. 
The first hour was representative of the larger video data set, save for prevalence of the engineers’ 
introductions and explanations of their work to each other within the first hour, which would better 
facilitate interpretation for the workshop participants. With this new strategy in mind, I segmented the first 
hour into a series of ‘well-rounded’ clips analogous to a musical ‘phrase’ or textual ‘passage’ (one participant 
suggested the term ‘episodes’ in the psychiatric sense). Clips were between 30 seconds and three minutes 
long, and break points between clips were chosen so as not to interrupt what were clear ‘passages’ of 
interactions. 
As planned, the Video Card Game workshop was run one week after the initial field study. As I undertook 
the briefing at the beginning of the day, I told the participants that I was particularly interested in how the 
engineers’ interactions with the prototypes and models they used supported (or didn’t) their design activity. 
I asked the participants to pay particular attention to the engineers’ interactions with the physical and 
digital resources at their disposal, as this was the motive for my research. I also told the participants I would 
be taking an audio recording of the workshop proceedings. The game then commenced, and was run in five 
stages. 
Briefing participants and dealing the cards 
Participants separated into three groups of two, and each group was given a set of cards for nine video clips. 
The cards had been distributed such that each pair of players would see a wide selection of different types of 
activity occurring over the full hour of data. For a particular video clip there were only two players who 
would see it, and those players were in the same pair. Each pair of players went into a different viewing area 
to watch their video clips, with the instruction to return to the meeting room when they were finished. 
Things to Think With 
 98  
Reading the cards 
My partner and I chose to watch the clips in chronological order (as indicated by their numbering). We 
played the video clips on a desktop computer, and annotated our video cards to reflect our impressions of 
what was taking place in the video. When both of us had finished taking notes, we would move on to the 
next clip, though at times one or both of us would want to re-watch part or all of a clip to make sense of it. 
Part way through the viewing, I checked on the progress of the other groups, as facilitator. When my own 
group’s viewing was finished, we returned to the workshop room. 
Arranging your hand 
Once all the participants had returned, we arranged our individual cards into ‘families’ reflecting a common 
thread through the video excerpts. Each player then presented to the other players what each of their 
‘families’ was about, at times describing the action that occurred in the clips, at times acting out what they 
had seen in the video. As facilitator, I took notes on the whiteboard, and other players at times sought to 
make their own contributions on the whiteboard. This step generated a large number of interesting 
interpretations of the video clips. Players had been encouraged to reuse and recombine clips in multiple 
‘families’ as required – one player ended up with more ‘families’ than there were cards. At this stage, the 
discussion started to become animated, and it took progressively longer for each player to present their ideas 
as other players would contribute their own interpretations. At times, players would replay video clips on a 
notebook computer, sometimes to demonstrate to others what they saw, sometimes to settle an argument as 
to what ‘really’ happened, sometimes because they wanted to see what happened before or after one of their 
own clips. 
Generating themes 
After the players had presented all their interpretations in turn, they were asked, in their original pairs, to 
choose a grouping of cards that they liked, and to develop that grouping into a ‘theme’ with the addition of 
other players’ cards. Each pair then started building a large ‘poster’ in front of them, starting with their 
original grouping of cards. From there, other players were invited in turn to make contributions of their 
own cards towards others’ themes. It was up to each player to make a case as to why their particular clip 
belonged in a particular theme. Here, nuances as to what was and wasn’t happening in the video clip were 
teased out, often through reviewing the video itself. In addition, the themes themselves were refined and 
crystallised as the game went on, with themes becomingly increasingly well-articulated as other players 
sought to make their own contributions.  
Discussing the themes 
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The final step in the Video Card Game, discussing the card families, emerged naturally out of the discussions 
taking place in the previous step. As all the cards were finally given a home, each pair of participants 
reiterated their theme in turn to the other players. They presented their completed posters, giving an 
overview of what the theme was about, how particular cards were good examples of the theme, and how it 
related to some of the original ‘groupings’ that had been developed in the earlier phase of the game. The 
discussion came to a natural closure approximately 7 hours from the initial briefing. 
I had recorded the audio of the collaborative phases of the video card game, had taken photographs as the 
game proceeded, and had kept records of artefacts and documents that the players had used through the 
game. These proved to be valuable ‘field material’ of a different kind when it came to further analysis. 
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4.5 -  Ref lect ions on the col laborat ive analys is  
My first impression of the Video Card Game workshop was that it was very fruitful. Firstly, my observations 
of how the other players came to understand the interactions were instructive, and I learned some useful 
techniques for breaking out of interpretations of video data. Secondly, I learned a great deal about the 
domain I was studying through the others’ interpretations of the video. The Video Card Game had 
generated a wealth of interesting contributions from other researchers. Much of this material was 
completely new to me – interpretations I hadn’t made myself, connections I hadn’t seen, and details I hadn’t 
registered.  
I noted that participants were able to interpret local interactions with design artefacts and their proximate 
consequences, but at times asked for my interpretation of the ‘bigger picture’ to place these micro-
incidences in the broader context. In these cases, I would try and give a general description of the events 
that took place around the clip in question, without imposing too much interpretive ‘translation’ as I 
recounted the events of the day. I was effectively providing a ‘frame’ within which participants could 
interpret their observations of the video data. 
Identifying this short-circuiting, which occurred twice, forced me to confront my agenda for running the 
Video Card Game – was I merely interested in seeking others’ validation of my own interpretations? At this 
point I reviewed my written field notes and notes I had taken during the earlier viewings of the video data 
from the field study, and compared these to the material that came out of the workshop. There was a very 
healthy collection of interpretations and themes that emerged through the workshop that I simply hadn’t 
considered beforehand, which served as something of a reassurance. 
I also noted that players appeared to develop growing confidence in their interpretations as they were 
confronted with others’ alternative interpretations and forced to defend or relinquish their own viewpoints. 
I noted that I increasingly felt that I ‘owned’ my theme during the course of the game, which is one of the 
intended outcomes of the exercise (Buur & Soendergaard, 2000). Part of this was no doubt because I had 
right of veto as to whether another player’s clip was appropriate within my theme, and I was helping the 
theme emerge through the animated discussion taking place as we repeatedly engaged with the video 
material. This experience reinforced for me the claim from Coyne and Snodgrass (1993) that: 
“…an understanding of design should begin with the experience of design. This is not the 
experience of empirical protocol studies, but the experience understood through the 
exchange of ideas on design. The test question will always be ‘is this how design appears to 
you?’” (Coyne & Snodgrass, 1993, p. 111). 
The opportunity to exchange ideas on ‘what design is’ as seen in the publicly visible video data led (for me) 
to a strong sense of ownership and understanding of the video material. 
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The fact that the workshop was inherently collaborative raises issues of ownership of the academic product 
of that workshop. The Video Card Game is contrived to create a feeling of mutual ownership of the video 
material for the participants (which traditionally includes current and/or future users of a product), so what 
does that say about the outcomes of the exercise? Do participants own those too? The participants left the 
workshop with a deeper understanding of the domain, a heightened sensitivity towards the types of 
interactions that take place in such a domain, and valuable experience in analysing and interpreting video 
data and observations in general. The participants certainly own their experiences and the immediate 
outcomes from the workshop, though only one of them went on to use that workshop as a catalyst for their 
dissertation. 
At this stage of my research, I was uncertain as to how best to proceed. The depth of analysis in the 
workshop had given rise to an overwhelming range of directions in which to conduct further analysis, 
particularly considering I had been planning to return for another field visit within the next couple of days. 
I was surprised at the volume of research material that had been produced from the workshop – that single 
hour of video data had given rise to more in-depth insights than I had expected over the entire course of 
field studies. At the same time, I wanted to consolidate the understanding of the video material I had 
developed through participation in the workshop, without the accumulation or ‘backlog’ of more field data 
to review. Upon reviewing the situation and after seeking advice, I decided to suspend further field work 
until I had a firmer grasp of the particular direction in which I would proceed with the analysis. 
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4.6 -  Indiv idual  analys is  of  f ie ld data 
Having contacted Emco to discuss the situation, I set about reviewing the entire body of video data, field 
notes and photographs I had collected during the course of the day’s field study. Without hyperbole, this 
was a leviathan task, to which any interpretive qualitative researcher will attest. This is inherent in the 
nature of the research, as Miles (1983) explains:  
“Much of what the qualitative researcher has to do at the end, the quantitative researcher 
has had to do at the beginning. However, with qualitative research, the chance that enough 
data to produce confusion will overwhelm theoretical induction is balanced against the 
danger (in the case of quantitative research) that restricted vision will never go beyond the 
known.” (Miles, 1983, p. 127) 
The analysis I undertook through the course of this research was very much in the spirit of Glesne and 
Peshkin (1992, p. 129), who describe qualitative analysis as “the process of organising and storing data in 
light of your increasingly sophisticated judgement”. Rather than follow a predetermined script for how to go 
about making sense of the data, I chose to proceed reflectively, using different analytical techniques as I 
learned of them, creating or inheriting ways of representing data to explore new interpretations, 
undertaking interminably protracted, repeated viewings of video data, reviewing others’ research, engaging 
in normal academic discussions, participating in workshops and working on publications with peers. In 
short, I learned about analysis as I analysed, and developing an understanding of the field data progressed 
hand in hand with the composition of what became this dissertation. 
As the analysis progressed, I concurrently developed an understanding of the different theories that I 
ultimately compared with reference to the field data in this dissertation. Some of these theories provide a 
basis for simplifying analysis. For example, Bødker (1996, p. 157) says of Activity Theory that “An analysis 
of four hours of videotape is a complex matter, and activity theory is useful in identifying what to look for.”. 
Halverson (1994, p. 12) says of Distributed Cognition that “One advantage of distributed cognition with 
respect to too much data, is that the theory helps focus where to look in the data by the emphases on 
domain expertise and task relevant representational state.” 
Instead of building the analysis through rigidly adhering to one or another set of these theoretical 
constructs, I attempted to remain somewhat detached from theory and build the analysis from the ‘ground 
up’. This colloquialism is a heavily loaded term, though, so I should add the caveat that my ‘ground’ is by no 
means some tabula rasa or blank slate waiting to be inscribed with detached, valueless interpretations of 
objective data. As a practising mechanical engineer, I already bring an understanding of engineering theory 
and practice to the observations, interpretations and reflections I make. Rather than see this background as a 
methodological weakness, though, I used it as a reference point for my analysis of what I observed at Emco. 
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I frequently came back to Coyne and Snodgrass’ (1993) test question “is this how design appears to you?”, 
which is inherently, explicitly subjective. 
I had initially wanted to do a series of field visits into different workspaces, largely for the purposes of 
triangulation. At the time, I understood triangulation as a means to assess and ensure validity, however I 
soon realised that while triangulation can enrich qualitative research by providing further field material, it 
could neither ‘validate’ nor ‘invalidate’ interpretations taken from a different setting. To see triangulation as 
verifying the ‘truth’ of an interpretation is to change from an interpretivist to a realist viewpoint, which I 
came to realise was inconsistent with the epistemological precepts of the research. Furthermore, having 
gathered and analysed one day of data, and considering the detailed level at which interactions were 
studied, I came to realise that the day’s data was an enormous amount. My research aims were better served 
by making good sense of that one day of data rather than attempting to gather a further 60 hours to analyse 
at such fine granularity. 
Resonance with experience is the validation mechanism upon which this thesis rests. I am appealing to the 
extrinsic validity of ‘common sense’ rather than the intrinsic validity of ‘truth’. Just as I later argue that 
design artefacts are at once the product and the embodied process of design activity, so too is this 
dissertation both at once the product of my research and an embodiment of the research process itself. As 
such, the discussion can be read as an ‘unfolding’ of interpretation.  
Closely tied with considerations of the analysis are considerations of how that analysis is presented, as I 
discuss in the next section. 
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4.7 -  Presentat ion of  f ie ld data 
Through the remainder of this dissertation, a great deal of field data is presented for the reader. An 
engineering design environment is a domain in which an observer can witness an incredible richness of 
interaction. In order to translate this richness into written text, it is necessary to establish some kind of 
synthetic structure in which to interpret and discuss the interactions taking place. This translation must take 
place regardless of how the data is collected in the first place, and regardless of the medium in which that 
translation is expressed. The challenge for the researcher is to make the translation process as transparent as 
possible for the reader. 
The first ‘translation’ occurred as I wielded the video camera during the field study. As the camera operator, 
I chose when to start and stop the camera, what was ‘interesting’ at the time and what was not, what was in 
frame and what was excluded. As Mackay (1995) states: 
Researchers often treat videotaped records of human behaviour as objective scientific data: 
they can be viewed repeatedly, individual events can be counted and findings can be 
verified independently by other researchers. Unfortunately, the appearance of objectivity is 
just that: an appearance. Someone must choose a location and field of view for the camera, 
which must include some and exclude other information. The choice of when to press the 
“record” button also includes and excludes information. More subtly, the context shared by 
the participants of the videotape may be difficult or impossible to capture and present to 
subsequent viewers. (Mackay, 1995, p. 1) 
An early phase of the analysis, and perhaps the most literal ‘translation’ of field data occurred as I created a 
transcript of the video data I had collected during the field study. This transcription was not the basis for 
analysis, which was done using the video material directly. Rather, the transcription served the purpose of 
having a ‘lightweight’ data set that could be printed, moved around, and manipulated in various ways 
(highlighting, annotating and so on) as the video analysis proceeded. The transcript also served as the basis 
for a chronological indexing system (simply, I numbered paragraphs through the transcript) such that events 
were given a reference more usable than a time stamp. 
In creating the transcript, I was not interested in an obsessively accurate record down to each utterance, as 
is required in conversation analysis (see Sacks et al., 1974), which mandates the documentation of instances 
of simultaneous speech, overlaps, pauses, inflection, and extended presyllables (“latching”). The 
transcription was undertaken at a coarser level of detail that sufficed for accompanying the video data, and it 
presented the data in a readable, narrative format, as is typical of interpretive studies using the documentary 
method. That same transcript serves as the basic form of data presented within this dissertation. Excerpts are 
intended to be easy to read for the audience, particularly given the volume of data presented throughout the 
discussion. 
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Any account of my observations will be a poor reflection of what I experienced, which is in itself quite 
different from what the engineers themselves experienced, and the more structure I impose on these 
observations, the less it resembles what it's like to do design. For example, there are moments in every 
engineering designer’s life (day?) where they sit glumly and stare at a computer monitor for ten minutes 
while tapping their pen on their forehead and humming tunelessly, without a semblance of conscious 
thought (this is speaking from personal experience rather than from my field observations). While 
observations of such episodes can contribute to a better understanding of the work of engineering design, 
they don’t make for good reading when described in the same detail as, say, a team design meeting. For this 
reason, I have deliberately made the transcript more detailed in areas of interest, and less detailed in other 
areas. 
As Matthews (2004, p. 140) argues, the very coherence and ‘punchiness’ of interpretive accounts of activity 
is achieved partly through the omission of the details of the conditions under which that activity was 
produced by the participants: “The fact that it is a socially, commonsensically plausible explanation is most 
often the very same reason it must gloss the details of the phenomenon.” One of the challenges in presenting 
this thesis is to find some kind of a balance between developing a clear, coherent theme with a readable, 
structured, engaging text, while still capturing the rich and inherently 'unstructurable' spirit of engineering 
design. 
A common rhythm through the discussion is the recurrent cadence of ‘data’, ‘technical translation’, and 
‘interpretation/discussion’. The data is most commonly in the form of narrative transcript, accompanied by 
relevant keyframes grabbed from the video to support the reader’s interpretation. Wolcott (1990) advocates 
the inclusion of such primary data to not only provide the reader with a sense of what the data is like, but to 
give access to the data itself. ‘Technical translation’ is sometimes used to provide something of a middle 
ground along the fuzzy spectrum between ‘data’ and ‘interpretation’. I have attempted in these short 
sections to provide an engineering insight into what is taking place, without which many of the excerpts 
would not ‘make sense’ to a non-engineer. This step is undertaken somewhat reluctantly, as ideally the 
reader would engage with the ‘raw’ (read ‘translated’) transcript in order to form their impressions, but in 
this case, pragmatics won out. Finally, I more freely discuss my interpretation of the data. 
The entire transcript of the video data is included in the Appendix, and has been cross referenced to indicate 
where the selected excerpts can be found in the discussion. While all of the excerpts in the discussion can be 
found in the transcript in the Appendix, not all of the transcript has been included in the discussion. Where 
sections of the transcript are used in the body of the thesis, a vertical line down the side of the page is used 
to denote the excerpt, and that same excerpt is coloured blue in the Appendix. A dotted line is used in the 
instance where the transcript was not strictly reproduced within the body text. The transcript has been 
coded into discrete chronological ‘sections’ for ease of reference – for example, section A16 comes 
immediately after section A15, and just before A17. Section C1 is some time after Section A17, and G22 is 
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later again. The granularity of the coding is somewhat arbitrary, as it is intended merely to provide a 
reference, not for analysis. The reader is encouraged to refer to the full transcript in the Appendix to place 
the excerpts presented in the discussion in a slightly broader context. 
Wherever participants’ speech is enclosed in quotation marks, their speech has been taken verbatim from 
video (though not to conversational-analytic standards, as discussed above.) At times within the transcript, I 
compress what I take to be peripheral data – for example (fictional), Rob asks Michelle if she could meet 
him in ten minutes, but she says she’s busy at the moment, and they eventually agree on a meeting time of 
10am. I also give descriptions of activity where it seems immediately relevant to what the participants are 
working on. Again, the level of detail in describing activity is intended to balance fidelity with readability. 
The linear length of the transcript is not representative of the elapsed activity it describes – at times the 
engineers would be working for a long time doing nearly the same thing, at other times a number of 
different things would happen over a short time. The intention here is not to provide a high-definition 
second-by-second account of events but rather to avoid the weaknesses and draw on the strengths of this 
written medium to succinctly illustrate the interactions taking place. For this same reason, some sequences 
of data in the discussion omit ‘chunks’ of transcript, though the non-consecutive paragraph codes indicate 
when such an omission has taken place. Again, the reader is encouraged to refer to the full transcript if they 
wish to draw on a fuller data set. 
At times through the discussion, I wish to present a greater level of detail of an interaction, in which case I 
change to a ‘comic strip’ layout, with dialogue and descriptions of action accompanying keyframes from the 
video. Going to the other extreme, at times I present ‘trajectories’ of relevant action over time, and in these 
cases it is prohibitive to include all the intervening data. In these cases, I use the transcript codes to enable 
the reader to refer to the fuller data set as required. 
While I claimed earlier that I will not explicitly deal with politics of representation, I by no means claim 
that this work is immune from such considerations – even the way in which the research data presented 
reflects a political choice on behalf of the researcher (Said, 1989). As Hammersley (1990) points out, 
interpretive research is meant to be read with a critical eye – rather than searching for axiomatic outcomes 
that can be applied universally, the reader must critically engage with the material and challenge the 
interpretations therein. Where the validity of quantitative research lies in the method, the validity of 
qualitative research is in the interpretations. In both cases, a researcher’s conclusion that ‘XYZ’ is a valid 
outcome from the analysis is the point of contention (Garcia and Ouek, 1997). I have included the full, 
highly detailed transcript of the video data in Appendix, and large excerpts of that transcript within the 
body of the dissertation, in an effort to facilitate critical engagement on behalf of the reader. 
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Chapter 5 -  Artefacts are participants 
in designing 
In this chapter of the discussion, entitled “Artefacts are Participants in Designing”, I review 
prior research focusing on use of physical objects in engineering design activity, and 
extend this work to address the use of artefacts. The term artefact is used to draw attention 
to the fact that these ‘things’ have both physical, concrete ‘object’ properties and are 
widely used to represent objects, ideas, concepts and so on. Sketches, printed line drawings 
and calculations are good examples of artefacts because they are physical objects but are 
used by the engineers to represent the design, helping them negotiate understanding of the 
design problem and move towards a resolution. 
I present a rich excerpt from the field data that illustrates how the engineers use artefacts 
in collaboratively moving the design forwards. An incident in the field data provokes a 
detour to a discussion of how conceptual and perceptual resources are used to support 
engineering design, and the excerpt is used to frame a comparison of how Distributed 
Cognition, Activity Theory and situated theories treat these ‘resources’. 
The chapter concludes with the observation that while the engineers’ design artefacts 
clearly represent the design, when they are studied in use they can further be seen to 
participate in designing. This conclusion provides a springboard for the next section of the 
discussion, which looks at how we can conceptualise this dualism of representation and 
participation. 
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5.1 -  Ar tefacts as const i tuents of  design act iv i ty  
The aims of this field study are firstly, to develop a better understanding of interactions with artefacts in 
engineering design, and secondly, to evaluate existing frameworks for understanding interactions. While the 
preliminary Video Card Game was based only on the first hour of video data, Chapters 5-9 present the 
results of an in-depth individual analysis of the field data, drawing excerpts from the beginning to the end of 
the full data set from the field study. The excerpts presented are selected and arranged to best provide a 
meaningful structure to the dissertation, though the particular excerpts chosen are representative of the 
engineers’ activity in general. 
In a study of engineering designers, Minneman and Harrison (1996, p. 432) analysed how physical objects 
are used in design activity, concluding that “objects are more than a source of information; they are 
constituents of the activity”. Their study was part of the famed set of ‘Delft studies’ reported in Analysing 
Design Activity (Cross et al., 1996), in which twenty different design research groups analysed video of an 
engineering team designing a means of carrying a backpack on a mountain bike. Minneman and Harrison 
chose to focus their analysis on the use of objects in the design process, where the objects of their concern 
were items such as a pen, backpack, and a tape measure. They found that “Objects were often stand-ins for 
other objects (e.g., the tape measure was used as a surrogate for the strut) … The spaces between objects or 
over them became the location for imaginary objects that would be acted out, acted upon, or pointed at.” 
(Minneman & Harrison, 1996, p. 421). 
This thesis takes as its starting point Minneman and Harrison’s conclusion that objects are constituents of 
design activity, and extends the exploration of use of objects to the broader use of artefacts such as the 
sketches, line drawings, calculations and other representations commonly used in engineering design. As 
discussed in Section 1.1, the term artefact is used to convey a sense of subjectivity and materiality in a way 
that the classical terms of ‘representation’ or ‘object’ do not. The notion of an artefact includes both objects 
such as Minneman and Harrison’s ‘stand in’ tape measure, and also resources that play more explicit 
representational roles, such as sketches, printed line drawings and calculations, either computer-based or 
paper-based, or based in some other medium such as a whiteboard. 
In the following excerpts from field data, the engineers use a number of artefacts to support their work, 
including line drawings and calculations. The excerpts are chronologically ordered, but as discussed in 
Section 4.7, segments have been omitted (as indicated) or compressed for clarity and brevity. 
  Chapter 5 – Artefacts are participants in designing 
 109 
During the first group meeting at about 9:30AM, the 
engineers informally discuss how they have been progressing 
while Nathan has been away. Nathan, Rob, Michelle and 
François stand chatting in the common space between 
Michelle’s and François’ desks.  The meeting sees them 
address a number of issues, including the weld calculations 
that Michelle is working on at the moment (see Section 4.3 
for background to these calculations). About ten minutes after 
the meeting started, the tone of the discussion shifts towards 
‘wrapping up’ as the engineers negotiate what their next steps 
will be over the coming day. Nathan suggests that he and 
Michelle meet in ten minutes to work through some other 
calculations that he has done, but she says that she may have 
made some mistakes in her weld calculations so ten minutes 
was probably too early to meet about these other calculations. 
[#A6 
Rob says to Michelle “well do you want to go through your 
weld calcs with François?” She replies “can I fix them first?” 
Rob says, “well you can basically both check them and … 
work out what you’re doing, see if anybody … thinks they’ve 
made a mistake.” Michelle says “Probably!” The engineers 
laugh and they start to move back to their desks. ] 
Michelle and François sit down side by side at her desk, with 
Michelle in front of the computer and François sitting to her 
right. She starts explaining her weld calculations to François, 
enlisting a printed line drawing that Rob has given her, the 
typed calculations on her screen, and a printout of these same 
calculations to support her explanation. About ten minutes in, 
her explanation turns to how she is working out how large to 
make the weld. In essence, Michelle has to compare the stress 
in the weld to the ‘allowable’ stress – the stress that the weld 
would theoretically be able to handle. This is a process of 
initially ‘guessing’ a particular weld size and material, calculating the stress that would be produced in that 
particular weld due to the external loads, and comparing that stress with the ‘yield strength’ of the chosen 
weld material. The yield strength can be thought of as the highest stress the weld can handle before it fails, 
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so a well designed weld has a yield strength much greater than the expected stress. Just how much greater 
depends partly on the ‘Factor of Safety’ that the engineers explicitly factor into their calculations to err on 
the conservative side. If the stress in the chosen weld is too high (greater than the yield strength), one picks 
a larger weld size or stronger material, runs the calculations again, compares the stress with the yield 
strength once more, and so on, until a feasible weld size and material is found. Michelle explains this process 
to François, writing on the printout of the calculations as she speaks: 
[#B11 
Michelle says “So we’ve got S Y S divided by Factor of Safety 
to be less than Sigma Max of the Tube so you work out this 
based on this formula, so you’ve got that, and your factor of 
safety is going to be two point five, so you’ve got that, and 
you’ve worked out that, and you’ve just got to see to make 
sure it’s smaller. Cause at the moment, cause we don’t know 
the thickness of the weld we’re just going to guess those and 
put them in there and see if it’s smaller than that, or bigger. We’ll see what happens, so… hopefully!”] 
The particular excerpt above provides a clear example of why a transcript alone is rarely adequate in 
conveying the complex physical and social interactions taking place in real engineering design settings. This 
makes the engineers’ activity difficult to even film adequately, let alone represent as part of a linear textual 
narrative. In the interests of more clearly and intelligibly presenting the interactions taking place around 
the artefacts, the following table and subsequent tables throughout the thesis show stills taken from video, 
transcripts of utterances and descriptions of activity in a pseudo-parallel fashion. 
Table 5.1 - Michelle explains her weld calculations to François 
Michelle: “So we’ve got S Y S 
divided by Factor of Safety 
…” 
 
(writing)  
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 “… to be less than…” 
 
(writing)  
 
 
 “… Sigma Max of the Tube 
…” 
 
(writing) 
 
 
 “… so you work out this …” 
 
(pointing with pencil tip) 
 
 
 “… based on this formula …” 
 
(drawing circle around 
formula) 
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“… so you’ve got that …” 
 
(drawing a short line near 
text) 
 
“… and your factor of safety 
is going to be two point five 
…” 
 
(writing) 
 
 
“ …so you’ve got that …” 
 
(drawing a short line near 
text) 
 
 
“… and you’ve worked out 
that …” 
 
(underlining text) 
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“… and you’ve just got to see 
to make sure it’s smaller …” 
 
(retracing symbol with 
pencil) 
 
“… cause at the moment, 
cause we don’t know the 
thickness of the weld we’re 
just going to guess those …” 
 
(writing) 
 
“… and put them in there …” 
 
(drawing arrow down to text) 
 
“ and see if it’s smaller than 
that, or bigger.” 
(pointing back and forth 
between the two sides of the 
equation with her pencil) 
 
“We’ll see what happens, 
so… hopefully.”  
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Having explained the principles behind the calculations she is working on, Michelle turns back to those 
same calculations as displayed on the computer screen:  
[#B12 
She turns back to the computer, grabs the mouse with her 
right hand and starts scrolling back through her calculations 
by clicking repeatedly on the down arrow on the scroll bar. 
She silently points up to the screen with her left hand as she’s 
scrolling down. When she reaches the right spot in the 
calculations, she simultaneously points at part of the 
calculations with her left forefinger and the mouse cursor, 
saying “at the moment, I’ve just guessed it [the weld] to be ten 
[millimetres]”. She tells François how she chose a weld 
material ‘out of the reference’ that had a certain ‘yield stress’ 
(synonymous with ‘yield strength’ or ‘stress at failure’). She 
explains that based on those values for weld strength and size, 
“at the moment that’s coming out to be twenty-
nine…megapascals, which is what we’re allowed to have 
(tapping her notebook), and at the moment we’ve only got 
point seven, so that’s heaps.”] 
Here, she is showing François that based on her calculations, the stress in the weld (0.7 Megapascals) is 
much less than the yield strength of 29 Megapascals, which is the stress at which the weld would fail. In 
other words, the weld is certainly strong enough to withstand the loads being applied.  
[#B12 (continued.)  
She points on the screen at the stress and then the yield 
strength, saying “so that’s gotta be less than that, and that’s 
heaps less so we could probably make that weld smaller.” She 
says “That seems to be a bit small, so something could be 
wrong” and laughs. She clicks on the mouse to scroll up the 
screen, changes the value for weld thickness to 8 millimetres 
in the calculations by typing on the keyboard, then scrolls 
back down and says “that’s interesting, it’s still small, so I 
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think… something could be majorly wrong.” She scrolls back up, reduces the value for weld size again, 
scrolls back down to check the result, and says “still too small.” She chuckles and François smiles and starts 
flicking through the printout of Michelle’s calculations.] 
Here, Michelle seems to have a sense that her calculations may be flawed. The value for stress in the weld is 
coming out lower than she expects – “That could be a bit small, so something could be wrong.” They keep 
checking through the calculations for a couple of minutes, with François at one stage asking Michelle for a 
diagram showing the distances that are being referred to in the calculations. 
[#B15 
François is next to Michelle looking at the screen and he says 
he thinks he has found a mistake. He reaches across her and 
points at a particular line on the calculations displayed on the 
screen. He explains that he thinks the terms in the calculation 
should be squared and subtracted, not just subtracted. 
Michelle agrees, writes for a couple of seconds in her 
notebook then puts her pen down, reaches over to pick up the 
keyboard from left of the computer and puts it on the desk in 
front of her. She uses the mouse to move the cursor to the 
appropriate line on the screen then uses the keyboard to edit 
the calculations. Then she scrolls down the calculations and 
says ‘let’s see where that gets us - which direction it’s going 
in’. When she sees the result she laughs and says ‘back to the 
starting point – it’s the same as for the ten mil weld’.] 
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Michelle and François keep checking and talking through her 
calculations for about ten minutes, making some minor 
revisions, then she calls Rob over to her desk to ask him if he 
can check the calculations. (See Table 5.2). 
[#D1 
Rob grabs a chair and squeezes in between Michelle and 
François at Michelle’s desk. Michelle says that she thinks the 
stress level in the weld seems a little low, and she asks Rob if 
that’s what he would expect too. He explains that he’s done 
similar calculations on an adjacent part of the machine and the 
stresses were indeed low. They move on to checking the 
calculations on the screen, with Michelle occasionally 
drawing upon a textbook and the sketches, diagrams and 
calculations in her notebook to support her explanation. This 
is discussed in more detail in the Appendix. After about six 
minutes, Rob asks Michelle if she has taken into account the 
motor in determining the loads acting on the weld.] 
[#D5  
Rob says “now have you done the torsional stress by … the 
torque of the motor?” and Michelle replies “as in… by the 
actual shaft?”, picking up her pen and using it to point at the 
diagram in front of her. Rob reaches over to his right to grab 
the printed line drawing and places it flat on the desk in front 
of him.  The sheet has a few different views of the ‘head’ of 
the machine, and Rob puts his finger on the part of the 
drawing where the motor would be as he starts his 
explanation. 
He says “Well you basically have the motor here which is 
transmitting torque out to this, then when you have your 
reaction, your reaction torque has to come back through your 
gearbox, through this member here to the structure, so this 
member’s taking that torque, as a torque, as pure torque, so 
that will basically… if you actually call this a torque, which is 
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what it is…”. Michelle says “so I just add that extra torque of the motor in there” and Rob replies, “you add 
that in there, which is quite a decent torque – that’ll… that’ll be the stall torque.”] 
Table 5.2 - Rob explains where forces are transmitted through the structure 
Rob: “Well you basically 
have the motor here…” 
(pointing at motor fixture in 
diagram) 
 
“… which is transmitting 
torque out to this…” 
(tracing a path across the 
diagram until pointing at 
main wheel in diagram) 
 
“… then when you have your 
reaction …” 
(gesturing in a circle in a 
vertical plane)  
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“… your reaction torque has 
to come back through your 
gearbox… “ 
(tracing a path back through 
the mechanism) 
 
“… through this member 
here to the structure, so this 
member’s taking that torque, 
as a torque, as pure torque.” 
(pointing at the two parts on 
the diagram representing 
‘this member’)  
“So that will basically… if 
you actually call this a 
torque, which is what it is…” 
(reaching forward to grab 
mouse) 
Michelle: “so I just add that 
extra torque of the motor in 
there?”  
Rob: “you add that in there, 
which is quite a decent 
torque – that’ll… that’ll be 
the stall torque.” 
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Here, Rob has noticed that Michelle hasn’t considered all the loads applied to the weld in determining the 
stress in the weld. She has considered the weight of all the heavy steel parts that the weld has to support, 
but she hasn’t included the “stress by the torque of the motor”, which is “quite a decent torque”7. 
While this ongoing series of excerpts is notionally being used in this dissertation to explore the idea of 
artefacts as constituents of design activity, Rob’s explanation provides a particularly compelling example of 
how engineers draw on physical and conceptual resources to support their design activity. The next section 
briefly interrupts the narrative to introduce how different theories treat the use of such resources. 
                                                          
7 The “stall torque” is the maximum torque that the motor will produce, so the engineers assume that the 
weld will have to withstand this load 
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5.2 -  Conceptual  and perceptual  resources 
This thesis looks both at how artefacts are used in engineering design, and how different theories of 
interaction are placed to account for this engineering design activity. The following sidebar to the main 
discussion thread compares the perspectives of Distributed Cognition, Activity Theory and situated theories 
on the conceptual and perceptual resources used by the engineers in an interesting example in the field data. 
In the excerpt above, Rob bases his explanation of the forces through the weld on the conceptualisation of 
‘load path’ or ‘flowing forces’, a popular and useful technique for determining the forces acting on and in a 
body (see, for example, Juvinall & Marshek, 1991). The conceptualisation involves tracing the ‘path’ or ‘flow’ 
of a force from its point of application on a body through to a ‘ground’, where a reaction can be ‘produced’. 
It is essentially a recasting of Newton’s third law: Every action has an equal and opposite reaction. In this 
case, Rob uses a printed line drawing and recruits the flow conceptualisation to argue that the weld does 
actually transmit the torque of the motor and that Michelle should take that into account in her 
calculations. 
In the machine, the force ‘flowing’ out of the motor is a rotational force, or torque, and between the motor 
(‘source’) and main wheel (‘ground’) lies a right angle gearbox which connects two shafts rotating on 
perpendicular axes. These factors together mean that the force analysis of this assembly can be conceptually 
complex, which may ultimately have given rise to Michelle’s error. Conceptualising the action-reaction 
dyad as a ‘flow’ enables Rob to determine and demonstrate where the forces are acting and ‘flowing’ simply 
by moving stepwise through the chain of connected components, as he does in Table 5.2 above. He clearly 
draws out the ‘force topology’ of the mechanism – where the force will ‘flow’ - which in the case of this 
mechanism isn’t immediately evident through visual inspection.8 
Rob’s explanation to Michelle combines the concept of ‘flowing forces’ with the physical printed line 
drawing. In doing so, he integrates reference to a conceptual resource with bodily, gestural reference to a 
tangible, perceptible resource. 
                                                          
8 Curiously, Rob had asked this specific ‘motor torque’ question of Michelle earlier in the conversation, 
when she was explaining how one of the symbols in her calculations related to the ‘real world’ forces they 
were dealing with (see #D2). Rob asks, “So that’s the torque that the motor is putting out?” and Michelle 
replies, “Uh-huh” in the affirmative. In the terms of the calculations, the force they were talking about at 
that time was actually a torque ‘coming from the motor’, but it was actually a torque that was due solely to 
the weight of the motor being cantilevered to the side of the machine, and not a torque resulting from the 
motor providing turning power to the wheel - a subtle but ultimately significant difference. In any force 
analysis, care must be taken to ensure all forces are accounted for. 
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Distributed Cognition has particular interest in how physical, perceptual tools are used to address 
conceptual problems. Hutchins (1995a) emphasises the power of artefacts to change conceptual problems to 
perceptual inferences. In this view, a slide rule, for example, embodies a conceptual or theoretical principle 
that enables an experienced user to multiply numbers simply by aligning two scales. As previously discussed 
in Section 3.1, the slide rule is specifically constructed to change the complex conceptual challenge of 
multiplication to a much simpler perceptual inference. This notion highlights the power of such resources to 
transform a problem rather than just augment the existing abilities of the problem solver:  
Rather than amplify the cognitive abilities of the task performers or act as intelligent agents 
in interaction with them, these tools transform the task the person has to do by representing 
it in a domain where the answer or the path to the solution is apparent. (Hutchins 1995a, p. 
155).  
Hutchins’ notion of representing the problem in such a way that the solution is apparent is grounded in 
Newell and Simon’s (1972) description of the process of problem solving, where solving a problem simply 
means representing it so as to make the solution transparent. In these terms, Rob’s and Michelle’s artefacts 
are intermediate representations, which, having been progressively transformed by the engineers’ design 
activity, will ultimately give rise to the solution to the design problem. 
Distributed Cognition also emphasises how the ‘computation’ enacted by the engineers in concert with their 
tools is distributed over time. Hollan et al. (2000, p. 5) present artefacts as embodying partial solutions to 
common problems, ‘precomputing’ part of the solution9: 
Culture is a process that accumulates partial solutions to frequently encountered problems. 
Without this residue of previous activity, we would all have to find solutions from scratch. 
We could not build on the success of others. Accordingly, culture provides us with 
intellectual tools that enable us to accomplish things that we could not do without them. 
The term ‘artefact’ is used explicitly in Activity Theory to refer to physical and/or ‘psychological’ resources 
(Vygotsky, 1960/1981). Activity Theory presents a unified treatment of mental tools and physical tools, on 
the basis that these resources share many characteristics, such as their cultural-historical basis, and ongoing 
evolutionary development through use. However, unlike theorists of Distributed Cognition, Activity 
Theorists do not conceptualise artefacts as any kind of ‘precomputation’, reflecting the difference between a 
computational account and a psycho-social account of collective human activity. Kuutti (1996, p. 24) says 
“Artifacts themselves have been created and transformed during the development of the activity itself and 
                                                          
9 To avoid an increasing parenthetical discussion here, the questions of whether design can be adequately 
represented as ‘problem solving’ or artefacts as ‘partial solutions to frequently encountered problems’ are 
taken up later in Section 7.4. 
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carry with them a particular culture – a historical residue of that development.” Christiansen (1996) stresses 
that a tool is defined by how it is deployed rather than by any inherent property of the tool itself:  
An artifact attains its qualities of function, aesthetics, and ethics as it is integrated into an 
actual activity; only in practice does it become a tool. In other words, to become a tool is to 
become part of someone’s activity. (Christiansen, 1996, p. 177) 
Bannon and Bødker (1991) (drawing on Ilyenkov, 1977) present the two views of artefacts as things and 
artefacts in use, arguing that to understand artefacts, we must acknowledge the dialectical relationship 
between artefact and use. An existing artefact only has meaning within a specific context of use, but that 
same artefact is the endpoint (or rather, waypoint) of a historical/developmental trajectory of many different 
use contexts that have cumulatively shaped any given incarnation: 
We could imagine a world where … carpenters had only one kind of hammer. The skilled 
carpenters develop a repertoire of different ways of using this hammer, based on the size of 
the materials, the difficulty of striking the different nails, and so on. Sooner or later they 
start teaching their apprentices that there are these different ways of doing hammering, and 
later again, different hammers and nails start to evolve. Thus, to learn something about the 
present shape and use of an artifact, a historical analysis of artifacts as well as of praxis is 
important. (Bannon & Bødker, 1991, p. 243) 
The third major conceptualisation of interaction, bundled loosely as ‘situated theories’, places great emphasis 
on the contingent, situated nature of resource use – that is, that physical and conceptual resources only 
manifest themselves as such in their context of use, not as pre-existing, stand-alone ‘nuggets’ lying dormant, 
ready to be drawn upon at a moment’s notice in the right situation. 
Situated theories deny altogether the possibility of knowledge other than that which is socioculturally 
constituted and contextually bound:  
Activities that we today engage in and conceptions that we have are historically constituted. 
We have learnt them by the use of conceptual artifacts as well as by physical artifacts and 
we reshape these while we use them. Thus all cognitive acts are social, there is no objective 
side to, or any knowledge of the world independent of people's social constructs. (Artman & 
Waern, 1995, p. 84) 
Lave’s (1988) work on ‘everyday’ cognition, for example, highlights how human problem solving activity is 
fundamentally grounded in the particulars of the context in which it occurs. Her book provides the oft-cited 
‘cottage cheese’ anecdote, in which a weight-watcher making a recipe solves a problem in a manner drawing 
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on the context in which the problem is given10. The dieting program allowed for the consumption of two-
thirds of a cup of cottage cheese, and the dieter was to make a recipe that used three-quarters of this ration: 
The problem solver in this example began the task muttering that he had taken a calculus 
course in college… Then after a pause he suddenly announced that he had “got it!” From 
then on he appeared certain he was correct, even before carrying out the procedure. He 
filled a measuring-cup two thirds full of cottage cheese, dumped it out on the cutting board, 
patted it into a circle, marked a cross on it, scooped away one quadrant, and served the rest. 
Thus, “take three-quarters of two-thirds of a cup of cottage cheese” was not just the problem 
statement but also the solution to the problem and the procedure for solving it. The setting 
was part of the calculating process and the solution was simply the problem statement, 
enacted with the setting. [Instead of computing 3/4 x 2/3 cup equals 1/2 cup of cheese]… the 
coincidence of the problem, setting and enactment was the means by which checking took 
place.” (Lave, 1988, p. 165) 
Here, the ‘resources’ the dieter used to solve the problem were grounded in and emerging from the 
particulars of the situation. As Brown et al. (1989) state,  
This inventive resolution depended on the dieter seeing the problem in the particular 
context which itself was embedded in ongoing activity...He was thus able to see the problem 
and its resolution in terms of the measuring cup, cutting board, and knife. Activity-tool-
culture (cooking-kitchen utensils-dieting) moved in step throughout this procedure because 
of the way the problem was seen and the task was performed...Knowing and doing were 
interlocked and inseparable. (Brown et al., 1989, p. 35) 
All three theoretical perspectives, then, would identify both the printed line drawing and the ‘flowing 
forces’ heuristic as prime examples of the myriad of socially mediated, culturally-inherited resources we use 
in everyday activity. Rob demonstrates to Michelle the forces through the weld with the help of the printed 
line drawing, which is based on conventions of technical drawing inherited through participation in the 
engineering community. Similarly, the ‘flowing forces’ conceptualisation is a culturally-inherited heuristic 
grounded in the archaic principles of Newtonian physics.  
The clearest difference between how theories of Distributed Cognition, Activity Theory and situated 
theories treat the use of artefacts (‘conceptual and perceptual resources’) is in how strongly the artefact is 
considered to be grounded in its specific context of use. Distributed Cognition sees artefacts as packaged 
partial solutions ready to be brought to bear on a recurrence of the same problem or similar problems. 
Activity Theory sees artefacts as attaining their qualities of function only through integration into an actual 
activity. Situated theories place the greatest emphasis on the context as negotiated by the person solving the 
                                                          
10 The chapter of Lave’s book containing the ‘cottage cheese’ example is a revised version of Lave, Murtaugh 
and de la Rocha (1984). 
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problem, seeing artefacts as being grounded in and emerging from the particulars of a situation in which 
that person finds themself.  
  Chapter 5 – Artefacts are participants in designing 
 125 
5.3 -  Ar tefacts- in-use:  beyond representat ion 
Rob and Michelle progress further through the calculations, identifying some minor mistakes in the 
calculations along the way, and they edit them as they become apparent. When they finally get through to 
the last line of calculations, they check the value for stress in the weld as it is shown on the computer 
screen. 
[#D11 
Rob says, “OK … so… fifty-eight looks like we’re well…” and 
Michelle points at the bottom of the screen and says, “yeah 
that’s looking a lot better.” 
Rob leans forward again towards the desk, grabs the mouse, 
scrolls to a line earlier in the calculations and clicks on one of 
the terms in the calculations, saying, “so ten mil you were 
telling me about … we’ll replace that with six.” Michelle 
types on the keyboard to edit the value for weld size from 
10mm to 6mm, then they check the value for the stress again. 
#D12 
Rob sits back in the chair and reaches to the right side of the 
desk in front of him to grab the AutoCAD printout. He says 
“so if we use a six mil weld we’ll still have the … that’ll give 
you the strength there … make it a minimum of six” as he 
looks over the drawing.] 
Here, the new improved calculations produce a value for ‘allowable stress’ that looks “a lot better”. Rob and 
Michelle have identified and rectified the omission of the stress resulting from the motor torque, and they 
now appear more confident with the calculation model. Rob suggests that they reduce the size of the weld 
from 10 millimetres to 6 millimetres, as a 6 millimetre weld would still have adequate strength to withstand 
the loads being applied, and they modify the calculations to reduce the weld size. 
The weld calculations come up again in another group meeting later that day. Most of the meeting was 
spent working through issues that weren’t directly related to the weld calculations (discussed further in 
Section 8.1), but eventually the conversation turns to the flange that the motor and gearbox ‘hangs off’, the 
same welded flange that Michelle has analysed through her calculations. 
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[#E21 
Nathan says, “And you’ve checked that for hanging the … 
motor and everything off?”  
Rob smiles and says, “yes, it shall eat it. Michelle was just 
doing the weld calculations.” and Michelle says, “yep, was just 
doing them now.” 
Rob reaches over and points to the welds on the drawing and 
says, “They were for the welds in here … and in here … and 
in the worse case we got … something like thirty-eight 
megapascals.” Michelle says, “fifty-eight was the allowable” 
and Rob echoes “fifty-eight was the allowable, taking into 
account the … fatigue and our safety factor and whatnot … 
and that’s transmitting the stall torque, and also the weight 
hanging off the structure, and most of that load is the stall 
torque, not the weight hanging off the structure.” After a few 
seconds, Nathan says “uh-huh”. 
Rob leans over to gesture again at the drawing as he 
continues, “the weight hanging off the structure was like less 
then a megapascal, and this was with six millimetre welds, 
and that’s a twelve-point-seven millimetre thick… ah… 
circular hollow section , so the stress is going to be much less 
than in the weld … I think when we did check that at ten 
millimetre thick weld, it was … eighteen megapascals stress”] 
The above excerpts show how Michelle, Rob and François use the calculation model to help them find the 
most appropriate size for a weld. When the calculations that Michelle had created generated a very low 
value for stress in a 10mm-sized weld, Michelle and François began to double-check her work. She tried 
‘testing’ the computer-based calculations by reducing the weld size (which produced output that was “still 
small”). Working on a hardcopy of the same calculations, François identified an error that, when remedied, 
made a minor improvement. 
Later, Rob was called in to check her calculations as well, and he queried whether Michelle took into 
account the motor loads, articulating his concern with reference to a printed line drawing and the ‘flowing 
forces’ conceptualisation. They discovered that the motor torque had not been accounted for in the 
calculation model. Together, they edited the calculations, and were happier with the new value for stress 
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that the new improved calculations generated. The value for stress was still quite low, making a 10mm weld 
seem like overkill, so they responded by reducing the size of the weld to 6mm, and then the updated 
calculations show a more reasonable stress level in the weld. The end result is that the weld they’ve 
designed should certainly be strong enough to support the weight of the motor, gearbox and other 
components while simultaneously transmitting the maximum torque of the motor. As Rob confidently tells 
Nathan, “it shall eat it.” 
Returning to Minneman and Harrison’s (1996) observations that objects (such as a tape measure) constitute 
design activity, the excerpts in this chapter have shown that design artefacts  also constitute design activity. 
The resources that Rob and Michelle use are more than objects – they are artefacts created to represent the 
design, with their use being grounded in both their physical embodiment and their representational 
properties. Artefacts include the calculations displayed on the screen and Rob’s line drawings on loose 
sheets of A4 paper, printed at different scales. 
Michelle’s weld calculations, as embodied in handwritten notes in her notebook, in her desktop computer, 
and as a stapled printout of that same file, not only represent the weld the engineers are designing, but these 
artefacts are integrally engaged in the process of designing it – they participate in designing. The design only 
emerges through manipulating the artefacts. Dourish (2001, p. 20) also calls attention to this “duality of 
representation and participation”, but his interest lies principally in the role of computational artefacts such 
as desktop computers. The artefacts that the engineers use can be both computational and non-
computational, but in either case, they can both represent the design and participate in design activity.11 
Furthermore, these excerpts suggest that construction and interpretation of the artefacts are key, and should 
not be overshadowed by their power to ‘transform tasks’. While the artefacts embodied in the printed line 
drawing or the printed calculations do transform the engineers’ tasks, this transformation is only enabled 
through the judicious application of tacit engineering experience in the context of designing the weld. For 
this reason, a situated approach better accounts for the artefact use presented in these excerpts than does 
Distributed Cognition. The former treats an artefact’s meaning as being grounded in and emerging from the 
particulars of a situation, where the latter emphasises artefacts as packaged partial solutions that transform 
or represent the problem in such a way as to make the solution transparent. 
Design artefacts, then, can be conceived as materialised processes, having both physical characteristics and 
particular interactional properties, but also participating in an ongoing, dynamic design process. While 
artefacts are still considered to ‘represent’ the design, this thesis expands on how artefacts are actively 
engaged and interrogated within design activity – how artefacts participate in design activity. In Bannon 
                                                          
11 The idea that artefacts can participate in human activity is also congruent with actor-network theory 
(Callon, 1986; Latour 1987, 1992; Henderson, 1991, 1995, 1998) 
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and Bødker’s (1996) terms, I wish to move beyond an understanding of design artefacts as representations, 
towards an understanding of artefacts-in-use.  
This chapter, then, has presented excerpts illustrating how artefacts are constituents of activity – they 
participate in the engineers’ design work. For example, when Michelle constructs a dialogue with the weld 
calculation artefacts (in both printed form and as displayed on the computer screen), those artefacts do not 
just ‘represent’ the design. They are actively engaged and interrogated by the engineers – they are artefacts-
in-use.  The artefacts are not output or epiphenomena of design activity, but they are materialised processes. 
This thesis goes on to reveal how this duality of representation and participation is manifested in the 
engineers’ interactions with and around these artefacts. 
This chapter has also shown how artefacts provide physical resources with which to support perceptual 
inferences. For example, when Rob explores the ‘flowing forces’ through the machine with Michelle, he 
integrates reference to a conceptual resource (the ‘flowing forces’ heuristic) with physical, gestural 
references to a tangible resource supporting that exploration (the printed line drawing).  
Rob’s ‘flowing forces’ explanation was used to ground a discussion of how Distributed Cognition, Activity 
Theory and situated theories differ in how strongly they treat artefacts as being grounded in and emerging 
from a particular context of use. 
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Chapter 6 -  Artefacts are dynamic 
perspectives 
onto the design 
This chapter reveals how design artefacts are used to present dynamic perspectives onto 
the design, embracing the dualism of artefacts as both representing the design and 
participating in the activity of designing, drawing inspiration from Bødker (1991). 
Excerpts from the field data are used to illustrate how the engineers ‘see’ the design 
through the artefacts. The artefacts are not reductions of a ‘known’ design, but rather are 
actively used to construct the design out of the unknown. Working with the artefacts 
creates new questions for the engineers, forcing them to refine the requirements of the 
design. In this way, the artefacts can be seen to support the ongoing dynamic redefinition 
of the design problem and solution. 
The engineers are seen to gain cognitive leverage by shifting focus between the artefact 
and the design that it relates to. 
Further field data is then used to illustrate how artefacts are not inherently ‘transparent’ 
for the engineers, but they are made meaningful only through the interactions that take 
place around them. Using this idea, the chapter concludes with an investigation into the 
role of context in creating and making sense of design artefacts, comparing Distributed 
Cognition to more situated approaches to understanding interactions with artefacts. 
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6.1 -  Construct ing understanding through the ar tefact  
Having established artefacts as participants in designing, this 
section further articulates the dual nature of design artefacts 
as both ‘things’ representing the design and as participants in 
the process. 
During the first group meeting, the engineers are telling 
Nathan about the work they’ve been doing while Nathan has 
been away. The screen on François’ computer displays a CAD 
line drawing of the side view of the boom arm. Rob, Nathan, 
François and Michelle are all standing around the desk, their 
bodies oriented towards the computer screen. Rob explains to 
Nathan how the client company had sent them a preliminary 
sketch of the concept they had in mind for the boom arm that 
the engineers were to design. Rob took that concept and 
worked with François on experimenting with the geometry of 
the boom arm to see how it affected the force in the pin joint: 
[A4 
Rob moves forward slightly and reaches out with the piece of 
paper in his right hand so that the corner of the paper acts as a 
pointer onto the computer screen. He says “… and we 
experimented a bit with the location of this, and we basically 
… if had it straight out from that, like from where it was 
initially in your model, you had like a nine hundred 
kilonewton load through the pin.” He retracts the paper and 
steps back a little as Nathan says “oh, OK.” 
Rob swaps the paper to his left hand and reaches forward to 
point on the screen with his right hand as he continues, “and 
if you moved it up by … no …  before it was straight out from 
here, wasn’t it? And then you had a nine hundred kilonewton 
load …” He then slides his fingertip up the screen as he says 
“and if we move it up a metre which is what we’ve done, you 
can reduce it down to six hundred kilonewtons” and steps 
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back again as Nathan says “ahh OK.”  
Rob steps forward again to point at the screen, saying, “and that still allows for … it to it goes up to about 
five and a half kilonewtons if it goes up higher” as he moves his fingertip upwards. He keeps moving his 
fingertip up and eventually right off the screen above the monitor as he says “and then starts to…or drops 
down to about five and a half, then it goes up again, sort of thing.” Nathan says “yep, yeah”. ] 
Here, Rob and François have used the force calculations as a means to learn more about the boom arm they 
are designing. They wanted to know how the forces transmitted through the pin joint vary if they move the 
positions of the pin joints, with the intention of reducing the forces in the pins. By “experimenting” (in 
Rob’s terms) with the calculations to account for a range of different pin positions, they discovered that the 
force in the pin joint can be reduced down to 5.5 kilonewtons by moving the joint up by a metre. 
Developing and then tweaking the force calculations (in concert with modifying the line drawing) has given 
them a deeper understanding of the forces at work, and has helped them to improve their design by 
revealing geometries that produce lower forces. Using the design artefacts has given them insight into the 
‘other world’ of the machine they are designing. 
The conversation continues: 
[#A4 (continued) 
Rob points back to the same spot on the drawing and moves 
his fingertip from right to left as he says “and then also we 
experimented with moving this around, and if you move it in 
closer, the loads go down as well…” He steps back and turns 
towards Nathan as he gestures with his arm, saying “ … but 
you won’t want to move it in too close, otherwise you have 
this tiny little ram and it won't be able to go anywhere.”] 
Here Rob articulates how, having found the ideal vertical position of the joint, he and François 
experimented with moving it horizontally towards and away from the ‘attachment’ end of the boom. They 
found through their calculations that the loads decrease as the joint is moved further from the attachment 
end (that is, closer to the excavator operator), but they realise that if they move the joint too far back, there 
won’t be enough room for the hydraulic ram to make the joint move – “you have this tiny little ram and it 
won’t be able to go anywhere.” 
Rob and François have created the calculations not just to represent the machine symbolically but in order 
to learn more about the design. Their understanding of the design is constructed through creating and 
manipulating the calculations. The excerpt again demonstrates artefacts ‘participating’ in design activity – 
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the calculations allow the engineers to take ‘snapshots’ of configurations, each derived for the purpose of 
juxtaposing to a previous configuration and held in check prospectively until the next one. They use the 
calculation model as a dynamic, fluid, active participant in designing. 
Considered on their own, the calculations are a powerful, purpose-built abstraction of the real-world 
machine - a ‘description’ or ‘reduction’ of a physical system. Bucciarelli (1994) considers the engineer’s 
ability to represent real-world situations as mathematical abstractions as central to their trade. He highlights 
how engineering students must learn not to see – to look through the messy details of a machine and see the 
abstraction lying underneath. However, we must also acknowledge that once we have this abstraction, we 
still use it as we would any other artefact. As the excerpt shows, when the calculations are studied as part of 
collaborative activity (as ‘artefacts in use’), we see that they are used not just to represent some known 
entity; rather, they are used to contribute towards an understanding of part of some unknown entity. The 
difference between artefacts ‘representing the known’ and ‘giving insight towards the unknown’ is 
important because the key to understanding how artefacts support engineering design is in seeing them for 
the powerful thinking tools that they are, evidenced in the rich interweaving of thinking and activity that 
takes place through and around the artefact. Rob’s and François use of the design artefacts in context isn’t 
just about representing known aspects of the design (e.g., the geometry of the main boom) but more about 
composing it (e.g., working out the best position for the pin joint). Here, ‘composing’ is used both in the 
sense that at any given time, artefacts in use ‘constitute’ the design, and also the sense that the interactions 
with the evolving artefacts ‘creates’ and ‘constructs’ the design through time. 
Developing the force calculations has provided a dynamic perspective onto the design for the engineers – it 
enabled them to ‘see’ the magnitudes of the forces in the pin joints for the initial geometry of the boom arm. 
The engineers are able to deepen their understanding of the design through the artefact. The idea of design 
artefacts as providing ‘dynamic perspectives’ is inspired partly by Bødker’s (1991) pivotal conception of 
human-computer interaction as interaction through the interface. Bødker’s human-computer interface isn’t 
a facsimile or representation of the digital world within the computer, but a portal onto it – a means to learn 
more about that world. In the same way, a design artefact isn’t just a reduction of a ‘known’ design, but a 
construction towards it, an opportunity to explore into the unknown. 
For an engineer, a design artefact such as a handwritten set of calculations presents an opportunity to 
dynamically explore the design. The artefact is part of an evolving ‘design space’. The engineer can ‘see 
through’ the artefact to the design they’re working on, and by interacting with and modifying the artefact, 
can deepen their understanding of the design space. For example, Rob and François experiment with 
different main boom geometries by manipulating the calculation model, and they discover how the forces in 
the pins change as the geometry changes. The artefact here is more than a shadow or facsimile of a known 
design; rather, it is a powerful, dynamic resource, actively engaged to construct new understanding and 
advance the design into the unknown. 
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Their dynamic experimentation with the force calculations (performed in concert with modifications to the 
line drawing) has helped to further their understanding of the forces influencing the design. Furthermore, 
Rob and François have identified a tension between having the geometry with the lowest force and having 
enough room for the hydraulic ram. They’ve come to the point where they need to ask a new question – just 
how much room do we need to make available for the hydraulic ram? They need to refine the design 
requirements. The conversation picks up just after Rob tells Nathan that the pin can’t be moved too far, 
“otherwise you have this tiny little ram and it won't be able to go anywhere.” 
[#A4 (continued) 
Nathan says “mmm” in response to Rob’s comment and Rob 
continues, “ … so I've gotta call Andrew12 and ask him exactly 
what…” then steps forward to use the paper corner as a 
pointer on the screen, saying “… how high he wants to be able 
to lift this up, like… we've worked out you can lift it up to get 
the wheel out, but we need to know how high to lift this up 
… like, we’ve worked out you can lift it up to get the wheel 
out, but for his other attachments like his bucket and his 
forklifts we need to know how high he wants to be able to lift it up and what angle of tilt he wants to put 
this through so we can work out whether … how far the structure has to be away.” 
Nathan gestures with his two hands in front of him and says “yeah well the bucket will have to be able to 
move back a fair bit. A forklift won't but a bucket will.” Rob answers, “Well… that’s why I'd like him to tell 
us what it needs to be so that…” and Nathan says “yeah, fair enough” as Rob continues “ … he’s happy with 
whatever we do.”] 
Their next step, then, will be to find out what the client requires in terms of range of movement of that 
joint. The desired range of movement will place a constraint on the size of hydraulic ram they need, and 
hence on the location of the pivot pin. As Rob tells Nathan, they have already determined the range of 
movement required to detach the wheel attachment they are building, but the client wants to connect other 
attachments that may have different requirements. Rob calls the client later in the day to find out more 
about the desired performance of the machine (as discussed in Section 7.2). 
This is a clear example of how the engineers develop the design requirements hand in hand with the design 
itself, with the relationships and tensions between requirements only becoming apparent as the design 
evolves. Far from a pre-existing set of concrete needs, the design requirements can be seen to develop tacitly 
                                                          
12 Andrew is the client 
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throughout the discussion, and are rarely articulated explicitly in the form “it must be…” or “it must do…”. 
Schön (1990, p.120) describes the emergent relationship between design proposals and design requirements 
as being “figurally complex” – “addition or subtraction of one element changes the functional meanings of 
other elements with the result that the proposal must be considered different as a whole” (original 
emphasis). We see the very character of the design problem changing as the engineers negotiate a solution – 
a new proposal for changing the location of the link pin raises new questions about the requirements of the 
final product. 
It is not only interaction with artefacts but interaction with each other around the artefacts that enables the 
engineers to move the design forward. Bowers and Pycock (1994) see requirements as achieved through 
social interaction rather than pregiven constraints:  
“In a sense, requirements are a negotiated product of argument and resistance and are not 
available to be read off (as-it-were) ‘ready made’ from dialogues of the sort we have 
observed. …. Requirements are produced as requirements in and through interaction. It is 
social interaction which confers existence on them.” (Bowers & Pycock, 1994, p. 303) 
The above series of excerpts has shown how the engineers progressively develop their understanding by 
exploring and constructing the design space dynamically, ‘through the artefact.’ By interacting with the 
artefacts, the engineers are creating dynamic perspectives onto the design, through which they are able to 
develop insight into that design. 
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6.2 -  Shi f t ing focus:     Design ar tefact   |   Design 
Expanding on the observation that artefacts are used as dynamic perspectives onto the design, this 
subsection presents an interesting excerpt as a case of ‘shifting focus’. The segment is drawn from the second 
group meeting, occurring later in the day, in which the engineers discuss the design of the ‘head’ of the 
wheel attachment. It starts with Rob using printed line drawings to explain his design (See Table 6.1). 
[#E7  
Rob gestures around the printout as he explains “… and that 
works out reasonably well because … well basically because 
the aahhh… this is where my um box section comes out , and 
that sort of fits nicely to the width of my box section, and I 
want my other box section on the other side to be the same 
width but it doesn’t work quite as nicely basically because … 
it’s a smaller bearing… small bearing housing on that side… 
it’s not as wide.” He then says “… so the dilemma for that one 
is… do I make the box section on this side just smaller where that mounts and then make it bigger later on, 
umm …” At this point, he pauses for a few seconds. 
#E8 
He continues his explanation, still gesturing with the pen in his free hand to point out parts of the drawing 
as he says “this is where I’ve drawn the bearing housing in, and that line there and that line there are 
currently the current outer dimensions of my other box … but… I have a flange that bolts on to here that 
has to go in there, and this one has to be basically … this one has to attach to that one and this one has to 
be… outside… that one.. otherwise… you could put this flange on the outside here, like that one is, but 
then this one has to come up through it, so there’s actually got to be a cut up through the thing and then 
there’s actually nothing to weld the flange on to, so it’s not going to work.” At, this point, he shrugs and 
laughs. “You have to have this flange on the structure inside that one, so basically the structure will be in to 
here instead of out here. I’m not sure whether that’s a problem.”] 
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Table 6.1 - Rob explains his line drawing 
“… and that works out reasonably well 
because … well basically because the 
aahhh… this is where my um box 
section comes out , and that sort of fits 
nicely to the width of my box 
section…” 
(pointing to part of the drawing) 
“… and I want my other box section on 
the other side to be the same width …”  
(pointing to the ‘other side’ of the 
drawing) 
“… but it doesn’t work quite as nicely 
basically because … it’s a smaller 
bearing… small bearing housing on that 
side… it’s not as wide. “ 
(pointing to the bearing housing in the 
drawing) 
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“This is where I’ve drawn the bearing 
housing in…” 
(pointing at the bearing housing in the 
drawing) 
“… and that line there and that line 
there are currently the current outer 
dimensions of my other box…”  
(tracing over two lines on the left of the 
drawing) 
“But… I have a flange that bolts on to 
here…”  
(pointing with pen tip to part of the 
drawing, then making a gesture by 
pushing his hand forward with fingers 
splayed) 
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“… that has to go in there, and this one 
has to be basically … this one has to 
attach to that one and this one has to 
be… outside… that one.. otherwise… 
you could put this flange on the outside 
here, like that one is…” 
(pointing at various spots around the 
drawing) 
“… but then this one has to come up 
through it…”  
(making a ‘lifting’ gesture with both 
hands) 
“… so there’s actually got to be a cut up 
through the thing…”  
(tracing a large arc through the air with 
his finger) 
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“…and then there’s actually nothing to 
weld the flange on to, so it’s not going 
to work.”  
(shrugging) 
 
Here, Rob switches fluidly between explaining features of the line drawing and explaining the design itself. 
For example, he points with his pen at part of the line drawing, saying, “This is where I’ve drawn the 
bearing housing in.” He is articulating to the other engineers that the marks on the page to which he is 
pointing represent the ‘bearing housing’. When he says, “That line there and that line there are currently 
the current outer dimensions of my other box”, he’s indicating that the lines on the page to which he is 
pointing represent ‘dimensions’ of the equivalent structure on a different part of the machine. 
He then says, “I have a flange that bolts on here that has to go in there”, pointing first on the page (“a 
flange”) then gesturing in space as if he is assembling the machine (“that bolts on here”), then back at the 
page (“to go in there”). Here, he first uses the line drawing as a representation of the machine but then 
gestures in space as if he were working with the machine itself, then finally refers back to the line drawing. 
The remainder of the excerpt sees more of these shifts between treating the artefact as a ‘representation of a 
machine’ and as a ‘machine itself’. 
Rob is explaining how to ‘read’ the artefact as he’s concurrently explaining the design itself. He nimbly 
switches between attending to features of the artefact and attending to features of the design it represents. 
Such shifts could be conceived of as ‘changes in depth of focus’. The artefact doesn't physically change 
during such shifts, but the engineers change their perspective, shifting from focusing on the design that 
they're exploring through the artefact, to focusing on the artefact itself. They are treating the ‘representer’ 
(artefact) as the ‘represented’ (design). 
Treating a ‘representer’ as if it were the ‘represented’ is a common communication and thinking strategy 
that is by no means limited to an engineering design forum. This kind of play-acting or voluntary delusion 
happens so invisibly and naturally in everyday living that we often take it for granted. For example, if I 
were pointing out directions to my house on a street map, it is non-problematic for me to say “go along here, 
then turn here, then when you get to this, go this way”, despite the fact that it’s nonsensical to literally drive 
your car where I’m pointing. Some suggest that this strategy is the cornerstone of human cognition - see, for 
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example, Lakoff and Johnson (1890), who see the use of metaphors not just as a quirk of language but central 
to reasoning and communication. 
From a Distributed Cognition perspective, Hutchins and Palen (1997) observed a behaviour similar to Rob’s 
in their study of how Boeing 727 flight crew constructed a meaningful space around the flight engineer’s 
control panel. In the excerpt discussed in the text, the flight engineer explains to the captain and first officer 
that he thinks they have a fuel leak. As the discussion transpires, he shifts between treating the panel as if it 
is the actual fuel system, and treating the panel as if it is just a representation of the fuel system, for example 
tapping the gauge to ensure the needle isn’t stuck. 
Hollan et al. (2000) claim that Distributed Cognition is well placed to theorise about such activity:  
Traditional information processing psychology focuses on symbols as tokens that refer to 
something other than themselves, but pays little attention to strategies people may develop 
to exploit the physical properties of the representing tokens themselves. Our cognitive 
ethnographies show us that people often shift back and forth between attending to the 
properties of the representation and the properties of the thing represented, or intentionally 
blurring the two. These strategies of shifting in and out of the symbolic stance support some 
very interesting cognitive processing.  (Hollan et al., 2000, p. 185) 
They go on to say that these shifts (from attending to the representation to attending to the thing 
represented) provide a range of cognitive outcomes that could not be achieved if representations were 
always treated as relating to something else, and not things in themselves.  
The Activity Theory perspective takes artefacts as ‘mediating’ the ‘reality’ of the design; that is, the design is 
only experienced through the artefact. At the same time, artefacts have their own particular properties. As 
Bødker (1996, p. 149) states “Artifacts … have a double character: they are objects in the world around us 
that we can reflect on, and they mediate our interaction with the world, in which case they are not 
themselves objects of our activity in use.” 
Bannon and Bødker (1991) use the example of a carpenter driving a nail to illustrate the concept of ‘shifts of 
focus’: 
In normal use situations our handling of artifacts is done through operations, and is not 
conscious to us. The carpenter focuses his attention on driving the nail, whereas he holds 
the hammer and moves it through operations. In certain situations the fluent hammering 
stops, the hammer does not respond to the actions of the carpenter, and it becomes an object 
in itself. To hold it and to move it requires conscious actions, which prevent the carpenter 
from focusing on the nail. (Bannon & Bødker, 1991, p. 242) 
In Bødker’s (1996) terms, borrowing from Winograd and Flores (1986) (after Heidegger, 1962), such a shift 
of focus would be termed a breakdown: 
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Breakdowns related to the use process occur when work is interrupted by something; 
perhaps the tool behaves differently than was anticipated, thus causing the triggering of 
inappropriate operations or not triggering any at all. In these situations the tool as such, or 
part of it, becomes the object of our actions. (Bødker, 1996, p.150) 
An event constituting a breakdown is undesirable, as an ideal artefact should not draw attention to itself as 
it mediates a person's interactions with the world. Bødker makes the point, however, that not all focus shifts 
are breakdowns. Coming from a participatory design perspective, she uses the example of a user explaining 
their interactions with a product to a researcher – in this case, the focus shift isn’t a breakdown, but rather 
the user is attempting to articulate the ‘otherwise unarticulated’. She states that a focus shift is a change of 
focus that is more deliberate that those caused by breakdowns. 
Brereton (1998) investigated how engineering students learn by analysing their interactions with hardware 
as they participated in hardware dissection and design exercises.  She found that learning is essentially a 
negotiation process mediated by hardware, and she observed hardware being used: 
• As a communication medium 
• As a memory device and starting point 
• As a medium of conceptual discovery 
• As a medium of integration 
• As an adversary 
• As a prompt 
• As a chameleon 
She found that students formed ideas and understanding through linking abstract concepts with the physical 
hardware. For example, they would ‘bash together’ their theoretical knowledge of Newton’s Laws and their 
observations of weighing scales giving spurious readings when used on carpet to learn more about physics 
and about how scales work. Here, shifting focus between ‘scales as an embodiment of physical laws’ and 
‘scales as practical devices with concrete behaviours’ helped students to construct rich understandings. 
It would seem, then, that focus shifts enacted through working with artefacts are a powerful strategy to 
support human activity. Furthermore, this strategy has been rationalised within a number of theoretical 
frameworks. Hutchins and Palen’s (1997) study looked at how flight engineers shifted their focus around a 
fuel system panel to help them make sense of the situation and to gain cognitive leverage. Bødker (1996) 
uses the example of a user informing a researcher about their work practice to show how a focus shift can 
provide an opportunity for learning. She contrasted this with the example of a carpenter hammering a nail 
to show how a breakdown, an unintended focus shift, can disrupt the flow of activity. Brereton (1998) 
shows how students negotiate new knowledge through interacting with hardware, shifting their focus 
between theoretical knowledge and observations of physical behaviour. Rob seems to shift mindlessly13 
                                                          
13 here the term ‘mindless’ is used in Czikszentmihalyi & Czikszentmihalyi’s (1988) sense of ‘without 
conscious effort’ rather than the alternative interpretation of ‘absent minded’ or ‘stupid’. 
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between focusing on features of the artefact and features of the design it represents, in order to convey his 
concept to the other engineers. 
Focus shifts through artefacts appear to present critical resources for thinking in a range of contexts, 
whether as a means to make sense of a situation, as opportunities for learning, as strategies for gaining 
cognitive leverage or as support for interpersonal communication. In all cases, though, it is the presence of a 
particular physical object that supports the activity. Artefacts support focus shifts in engineering design 
because they have the requisite physical, tangible properties to interact with but also having a deeper 
representational element that can be brought into focus as required. 
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6.3 -  Transparent  and opaque ar tefacts:  The need for  
in terpretat ion 
The excerpt in this section illustrates that while design artefacts are intended to provide perspectives onto 
the design, they aren’t necessarily transparent. Nathan’s calculation model is an interesting case of an 
artefact that was a transparent, meaningful perspective onto the design at creation, but became opaque 
(‘unclear’) in a different context. He had to reinterpret his own representation in order to make sense of it 
again. 
Nathan has created a symbolic mathematical model of the geometry and forces in the main boom prior to 
the study. The model was designed to calculate the forces that the hydraulic rams have to generate to lift the 
boom and tilt the attachment through a range of angles. He handed over the model to Michelle at that stage, 
but Michelle found Nathan’s model giving errors – it was showing values for forces that violated 
fundamental physical principles. Michelle wasn’t comfortable modifying Nathan’s model, so he offered to 
‘go through’ his calculations with Michelle and debug it along the way. 
Nathan is sitting at Michelle’s desk slightly to the left of her computer, with Michelle on his right then 
François at the far right of the table. He is referring to his calculations model on the screen and also a 
diagram in Michelle’s notebook – a diagram that she has drawn herself but has been copied from Nathan’s 
earlier work. She has written a note ‘as per [Nathan’s] MathCAD sheet’ in the corner of the page. 
[#F1 
With his pen pointed at a line of calculations on the screen, 
Nathan says “ummm that’s basically defining your new vector 
OA, and that’s…’ and Michelle interrupts “a new length and 
stuff? Or a new … distance…?” Nathan says “no that’s the else 
statement, so if alpha is smaller than that, then OA becomes 
that function, otherwise it’s that function”, circling and 
underlining appropriate terms in the calculations with the tip 
of his mechanical pencil on the screen as he speaks. Michelle 
says “what’s that function there? What are the terms? Is it a 
length thing, or…?” and Nathan says “it’s a it’s a … well, it’s 
defining all your components, umm…”. He then grabs 
Michelle’s notebook, which is sitting on the desk to the right 
of him, and starts flicking through the pages of handwritten 
calculations. 
Things to Think With 
 144  
 
#F2  
He finds the first blank page, then looks up at the screen and 
mumbles “will use my distance…so”, then looks back down at 
the notebook and starts sketching. He draws a long straight 
diagonal line across the page with an arrowhead and says 
“here’s A and here’s O and OA is that vector there” He pauses 
for a few seconds and looks up at the screen and then draws 
two other lines to make a triangle, saying “and we see that 
theta A is actually ummm that’s theta A when it’s in the rest 
position…”, drawing the angle symbol in one of the corners of 
the triangle. He reads the calculations off the screen again, 
and says “So if you plug in an angle… eventually down here 
when we call in OA we actually shove in…” as he presses the 
page up key to scroll through the calculations then points up 
at the screen “yeah we shove in theta one, yeah OK, and theta 
one is actually how far up we move the thing.” He gestures up 
and down with his hand.  
#F3 Nathan presses his finger to his lips as he shifts his gaze 
back and forth between his new sketch on the notebook and 
the calculations on the screen. He says “ummm … so… 
ummm… that’s O… so what we’re doing actually is just 
rotating that around to a new … new position and that’ll be, 
that’ll actually be alpha in there.” As he’s talking, he’s 
sketching an arc on the page, then new arrow, and then he 
writes the symbol alpha in the angle between the two arrows. 
He says “that will actually be OA at some alpha, so what we’re 
saying is um…ahhh no, there’s probably an easier way to do 
this, but at the time I used um… ahh…’ and Michelle says 
“trickiness” and Nathan laughs and says “trickiness, yeah”.  
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#F4  
Nathan continues speaking as he alternates between 
sketching on the diagram and looking back up at the 
screen to read the calculations “so that’s length OA… so 
what I said was… OK if alpha is smaller than theta a…” 
he doesn’t say anything here for about 20 seconds, and 
looks back and forth between the screen and the 
diagram, with his chin resting on his hand and his 
forefinger over his lips. He says “just trying to work out 
what this is first… we’ve said that if the new x-
coordinate of A…which is that top one, either of those 
top ones, in fact they’re both the same…” and Michelle 
says “both the same” at the same time. Nathan points 
with the little finger of his left hand between the two 
terms on the screen as he moves the pencil over to the 
notebook and continues “… is the… x-coordinate of 
O…” and Michelle says “plus the new…” as she 
gestures with her right hand on the diagram in front of 
them. Nathan says “plus that, plus that…” and Michelle 
says “distance” and Nathan says “plus that new 
distance” as he sketches on the diagram. He then says 
“hmmm now is that right?” and Michelle says “yeah, 
cause that way the x coordinate…” and Nathan says “so 
that’s the x-coordinate, currently it’s O … um…” as he 
uses his left thumbnail and the mechanical pencil in his right hand to point at different parts of the diagram. 
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#F5  
Michelle reaches over with her left hand and gestures 
on the diagram, saying “yeah, it’s just cos of OA 
through that area because it’s this distance…” and 
Nathan says “oh hang on, so that angle there is also 
theta a to the horizontal” as he sketches on the diagram, 
then says “ahh no it isn’t… that angle there is theta a to 
the horizontal”, sketching again. Michelle says “mmm” 
and traces over the “z” shape that the diagram now 
takes. Nathan continues as he looks back up at the 
calculations on the screen, “so what I’ve said was… aah 
the new x-coordinate of that point is just OA minus 
alpha cos times that length… A to A and gives you that 
new x-coordinate”. Michelle points to the diagram and 
says “but hang on, that’s using that length isn’t it? Not 
that length?” and Nathan answers “well it’s the same, 
cause it’s just rotation” and Michelle says “yeah, OK”.] 
The calculation model itself hasn’t changed since Nathan first created it and handed it over to Michelle. 
However, Nathan finds that the meaning of his calculations isn’t immediately apparent – he has to re-
interpret his work in order to make sense of it.14 He admits that there was probably an easier way to go 
about creating the model in the first place, but at the time he used “trickiness.” He goes trawling through 
the symbolic representation of the main boom, scrolling up and down through the calculations on the 
screen, talking with Michelle, sketching a diagram of the rotating boom, making tentative assumptions 
about ‘what he’s done’, all the while trying to get into the ‘headspace’ he was in when he created the model 
in the first place. 
Nathan’s uncertainty and need for refamiliarisation shows that his understanding of the artefact he created 
emerges through interaction in a specific context, and in this case doesn’t hold fast outside of that context. 
The meaning of the calculations resides neither entirely in Nathan’s head nor entirely in the representation 
– it is constructed through interaction with the artefact, and importantly, through interaction in a specific 
context. 
                                                          
14 This is a case of re-interpreting an external representation, but not in the sense of ‘looking for alternative 
interpretations’ (for example, Verstijnen & Hennessey, 1998)) but rather ‘making sense of the representation 
all over again’. 
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The status of context in the theory of Distributed Cognition is unclear. Cognition is conceived as creation, 
manipulation and propagation of representational states across different media (including the brain). If we 
argue that context in the world can be ‘captured’ in a representational state (which many do), then 
certainly, a particularly dry interpretation of ‘context’ has a place in the theory. 
This view of context as a pre-given arrangement of information in the world is the conventional view in 
Distributed Cognition and in many research field developing ‘context aware’ technologies. For example, 
Hollan et al. (2000, p. 179) argue “it is not enough to know how the mind processes information. It is also 
necessary to know how the information to be processed is arranged in the material and social world.” 
One of the main strengths of the Distribute Cognition approach is “an explication of the complex 
interdependencies between people and artifacts in their work activities.” (Rogers, 2004, p18). These complex 
interdependencies are typically seen as reflecting the ‘structure’ of the work activities. For example, 
Hutchins (1995a) highlights the role of a ‘structured environment’ in supporting communication and 
cognition: 
Meanings can only even be imagined to be in the messages when the environment about 
which communication is performed is very stable and there are very strong constraints on 
the expectations. In many endeavours, creating and maintaining the illusion that meanings 
reside in messages requires that a great deal of effort be put into controlling the 
environment in which communication takes place. Meanings seem to be in the messages 
only when the structures with which the message must be brought into coordination are 
already reliably in place and taken for granted. The illusion of meaning in the message is a 
hard-won social and cultural accomplishment. (Hutchins, 1995a, p. 238) 
Hutchins has observed that “controlling the environment in which communication takes place” is the key to 
successful negotiation of meaning. He studied a Navy warship - a military environment in which the rules, 
regulations, procedures and standards are contrived and executed specifically to maximise efficiency and 
minimise ambiguity and miscommunication. In such an environment, these factors do place strong 
constraints on the expectation, and the environment is designed to be very stable, but is successful 
communication truly reliant on a structured, controlled environment? Hutchins seems to consider the frills 
of everyday, contingent, negotiated meaning as extraneous and unnecessary. In his next paragraph, he 
makes his esteem of genuine work contexts clear, opting to do away with the messy, ‘unwanted’ interactions 
of real-world collaboration in favour of a clean computer simulation of group communication:  
Though I find the examples from actual interactions compelling, events in the real world are 
almost always complicated by unwanted interactions. Fortunately, a different kind of 
demonstration is also possible. In the following pages I will describe a computer simulation 
that explores the role of communication in the production of the cognitive properties of a 
group… (Hutchins, 1995a, p. 239) 
As Brown et al. (1989) point out, this is not an uncommon perspective:  
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…apparently peripheral features of authentic tasks - like the extralinguistic supports 
involved in the interpretation of communication - are often dismissed as 'noise' from which 
salient features can be abstracted.” (p35)  
However, they go on to state that  
“… the context of activity is an extraordinarily complex network from which practitioners 
draw essential support. The source of such support is often only tacitly recognized by 
practitioners … or designers of simulations. (Brown et al., 1989 p. 35). 
Nathan’s and Michelle’s efforts at interpreting Nathan’s earlier calculations would support Hutchins 
argument that ‘meaning in the message’ is an illusion. Clearly, they are going to some effort to draw out the 
meaning of the ‘message’ in the symbolic representation. Unlike a Navy ship, design environments and 
representations are inherently ill-structured (Goel, 1995, 1999), yet the engineers are still eventually able 
construct a meaningful interpretation of the calculations. In fact, as Goel points out, one of the primary 
strengths of some design representations (such as conceptual sketches) is their inherent ill-structuredness, 
which provides potential for reinterpretation and discovery. Hutchins’ reliance on a structured environment 
to provide interpretive support isn’t possible in unstructured engineering design activity. Similarly, other 
computational accounts of work activity simply do not reflect the importance of problem interpretation and 
reformulation in design (Coyne and Snodgrass, 1993). 
The excerpt shows that the engineers must continually negotiate the context and construct meaning 
through the artefacts. As Glock (2003, p. 22, citing Glock, 1998) articulates, “Design processes, rather than 
goal directed, mental and information processes are conceived as goal interpreting, goal generating, and 
context generating social processes.”  
Taking a more situated perspective, Suchman (1987, p. 51) also emphasises that meaning is constructed 
locally through indexicality (see Section 7.2): “As a consequence of the indexicality of language, mutual 
intelligibility is achieved on each occasion of interaction with reference to situation particulars, rather than 
being discharged once and for all by a stable body of shared meanings.” Proponents of situated approaches to 
understanding human interaction generally agree that “knowledge and meaning develop within a situation, 
and cannot be accounted for outside that situation.” (Artman & Waern, 1995, p. 86). Interaction is taken to 
be the primary basis of understanding cognition – in this view, it is only through interaction that we can 
construct meaning. Importantly, it is the artefacts in engineering design that support this interactive 
negotiation of meaning. 
Other work grounded in Distributed Cognition hedges between the notion of meaning being constructed 
locally and the information-processing view of it then being propagated unproblematically into other 
contexts. Ackerman and Halverson (1999), studying organizational memory in a call centre from the 
perspective of Distributed Cognition, argue that representations can indeed be treated as ‘containers of 
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information’ (in their case, containers of ‘memory’). They temper this claim with the acknowledgement that 
“memory as representational states can be both separated from organizational actors, and is at the same time, 
necessarily bound to their actions and understandings” (Ackerman & Halverson, 1999, p. 11) (my emphasis) 
through processes of decontextualisation and recontextualisation. Drawing on Strauss (1993), they argue 
that the successful decontextualisation of representations (by the writer) and recontextualisation (by the 
reader) requires the writer to anticipate the future use of that representation: “… later recontextualization 
succeeds or suffers from earlier assumptions about the record’s trajectory.” (Ackerman & Halverson, 1999, p. 
10). They see the ‘memory’ contained in representations as both object and process – “memory is both an 
artifact that holds its state and an artifact that is simultaneously embedded in many organizational and 
individual processes” (Ackerman & Halverson, 1999, p. 11) (original emphasis). While this recognition of 
meaning as being local and context-bound is promising, it is still grounded precariously on the tenet that 
meaning can be decontextualised in order to be propagated to other contexts as ‘information’. It then treats 
the re-integration (successful or not) of this information into a local context as being largely dependent on 
how ‘well written’ the representation is – how well the writer has anticipated this future use. They neglect 
the rich, situated interpersonal and physical interactions that take place around the artefact in negotiating 
its meaning in context, even as exhibited in their own data.  
In the vignette above, Nathan makes sense of his earlier work not because he successfully re-integrates the 
‘information’ in the artefact with his current context through clear foresight while creating the model, but 
through progressively constructing meaning afresh, conscripting the help of Michelle and a sketchpad. 
Raeithel (1992) also critiques the idea of communication as information being tidily transferred from mind 
to mind:  
mimesis, i.e., being able to observe and recreate activities of others, is the very basis of communication, not 
as the dominant but simplified view of information theory would like to have it: being able to ‘receive’ and 
‘decode’ prepackaged meanings produced by some ‘sender’. That the latter model is completely inadequate 
to understand animal or human communication has been said many times, especially in original work on 
information theory (MacKay, 1969)” (Raeithel, 1992, p. 409) (original emphasis) 
In a critique of the notion of artefacts as simple vehicles of ‘information’, Schmidt and Wagner (2002) draw 
on fieldwork conducted in an architect's office to illustrate how communication (through artefacts) is 
integrational rather than telementational, after Harris (1995), Harris (2000) and Taylor (1992):  
The view of human communication adopted here is integrational as opposed to 
telementational. That is to say, communication is envisaged not as a process of transferring 
thoughts or messages from one individual mind to another, but as consisting in the 
contextualized integration of human activities by means of signs. (Harris, 1995, p. 4) 
The meaning of an artefact is medium- and context-dependent, tied inextricably to interaction around a 
particular concrete instantiation. The meaning of an artefact cannot be ‘dematerialised’, but neither is it 
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‘objectified’ or ‘crystallised’ in artefacts, solidly embedded within a given instantiation. As Nathan 
demonstrates, meaning and understanding has to be negotiated through interaction with an artefact, and 
does not hold outside of that interaction. Wenger (1998) uses the word ‘negotiation’ … 
…to convey a flavor of continuous interaction, of gradual achievement, and of give-and-
take. By living in the world we do not just make meanings up independently of the world, 
but neither does the world simply impose meanings on us. The negotiation of meaning is a 
productive process, but negotiation of meaning is not constructed from scratch. Meaning is 
not pre-existing, but neither is it simply made up. Negotiated meaning is at once both 
historical and dynamic, contextual and unique. (Wenger, 1998, p. 54) 
The meaning of an artefact emerges for Nathan in the particular context in which he interacts with it. The 
excerpt demonstrates that while design artefacts provide perspectives, we must also be careful to 
acknowledge that such artefacts are only ‘transparent’ because of the interactions that take place around 
them. An artefact is only ‘transparent’ (it only ‘makes sense’) through negotiating the context in which it is 
used. 
In summary, Rob and François’ experimentation with the force calculations, which they explain with the 
help of the line drawing on the computer screen, reiterates the status of design artefacts as integral 
participants in the design process as well as representations of the design. Such design artefacts are partial, 
personal perspectives onto the design. They enable engineers to shift focus between treating the artefact as a 
mundane ‘thing’ to hold and gesture around and treating the artefact as if it were the machine itself. 
Artefacts can be fluidly integrated into design activity as almost ‘transparent’ resources, but as Nathan’s 
vignette shows, they can then be rendered opaque when used in other contexts. They have particular 
interactional properties of their own while enabling and constraining access to the ‘design space’. 
The next chapter investigates how the engineers concurrently use many perspectives onto the design - how 
meaning emerges through interacting with a ‘constellation’ of multiple interrelated artefacts. 
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Chapter 7 -  Constellations of artefacts 
The functional system that performs the task is a constellation of 
structured representational media that are brought into 
coordination with one another’  
(Hutchins, 1995, p. 170) 
The discussion thus far has focused largely on how the engineers interact with artefacts as 
single, discrete resources, despite the overwhelming abundance of cases in the field data 
where engineers concurrently interact with multiple related artefacts. Hutchins’ definition 
of the basic unit of study, the ‘functional system’, highlights this distribution of resources 
with the word ‘constellation’. This chapter of the thesis addresses the complexity of the 
engineers’ interactions with multiple, parallel design artefacts, or ‘constellations’ of 
artefacts. 
Firstly, I discuss the concept of indexicality as evidenced in a single engineer’s interactions 
with a single artefact, based on situated theories of interaction. As the same engineer starts 
interacting with multiple artefacts, the discussion extends to interactions with 
‘constellations’ or ‘clusters’ of artefacts, building on insights from Distributed Cognition 
and Activity Theory, which is then consolidated by a further example from the field data. 
Synthesising previous sections and drawing on related research, I present design artefacts 
as ‘transient constructs’ (Lanzara, 1999) in a continually evolving web of meaning. This 
concept is illustrated by taking an ‘artefact’s eye view’, tracing the unfolding use of an 
artefact as it weaves through different discussions and negotiations. Based on this 
illustration, the theory of Distributed Cognition is critiqued in comparison with a situated 
perspective. 
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7.1 -  Ty ing the ar tefact  to the design 
The engineers use a variety of artefacts representing the design, and as we’ve seen in previous excerpts, they 
shift focus between treating the artefacts as ‘just a representation’ and as ‘the design itself’. The following 
excerpts are used to introduce and expand on the role of ‘indexicality’ in engineering artefacts, and are again 
drawn from the second group meeting. Here, Rob is explaining his concept for the ‘head’ of the wheel 
attachment to the other engineers. As the meeting commences, he walks back to his computer to print some 
line drawings of his design to support his explanation. Rob then grabs the printouts from the printer and sits 
on his chair facing Michelle, Nathan and François, and he initially holds a single line drawing out to his left 
as he explains the line drawing (See Table 7.1): 
[#E3  
He says, “OK, I’ll see if I can explain what we’ve got here - this is our [part name omitted] through the 
centre, shaft on one side with its bearing housing, shaft on the other side, with the spline  connected to the 
gearbox, with its bearing housing… now we have to bolt all of that basically onto the frame somehow … 
and the attachments for the bolts in the gearbox are out here so we’ve got flange connected to a circular 
hollow section… or welded to a circular hollow section … another weld to another flange to bolt through 
there and there to our bearing housing, and then we’ve got quite a large twenty five millimetre thick flange 
welded on the very outside of the ahh … box fork section … and it’s gonna have bolts through it basically so 
that all then bolts to the frame on that side”] 
Table 7.1 - Rob explains the concept for the wheel attachment 
“This is our [part name omitted] 
through the centre…” 
(tracing a line vertically down the 
page) 
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“…shaft on one side with its bearing 
housing…” 
(pointing with pen tip at the shaft 
then pointing alternately at the two 
parts of the bearing housing) 
 
“…shaft on the other side, with the 
spline…” 
(pointing with the pen tip to the shaft, 
then making a circling motion with 
the pen tip in the air around the 
‘spline’) 
 
“… connected to the gearbox …” 
(moving the pen tip horizontally in 
the air over the gearbox) 
 
“…with its bearing housing…” 
(pointing with the pen tip alternately 
at the two parts of the bearing 
housing) 
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“… now we have to bolt all of that 
basically onto the frame somehow…” 
(making a repeated circular motion 
with the pen tip in the air) 
 
“… and the attachments for the bolts 
in the gearbox are out here…” 
(tracing the pen tip over the bolt 
locations on the top and bottom of the 
drawing) 
 
“… so we’ve got flange…” 
(tracing the pen tip over the two parts 
of the flange on the top and bottom of 
the drawing) 
 
“… connected to a circular hollow 
section … or welded to a circular 
hollow section …” 
(tracing pen back and forth 
horizontally over part of the drawing) 
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“… another weld…” 
(pointing to a spot on the drawing) 
 
“…to another flange…” 
(tracing pen up and down part of the 
drawing) 
 
“… to bolt through there…” 
(tracing a line back and forth through 
where the bolt would go) 
 
“…and there…” 
(tracing a line back and forth through 
the other spot where the bolt would 
go) 
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“…to our bearing housing…” 
(pointing with the pen tip at the 
bearing housing) 
 
“…and then we’ve got quite a large 
twenty five millimetre thick flange…” 
(tracing a line vertically up and down 
on part of the drawing) 
 
“…welded on the very outside of the 
ahh … box fork section…” 
(tracing a curved path through space 
with the pen tip) 
 
“…and it’s gonna have bolts through 
it…” 
(tracing short lines across the top and 
bottom of the drawing) 
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“… basically so that…” 
(making a large circular motion with 
the pen around the right half of the 
drawing) 
 
“…all then bolts to the frame on that 
side.” 
(making a jabbing motion with the 
pen tip on the left side of the drawing) 
 
 
While the excerpt above takes less than a minute, it covers a lot of conceptual ground, drawing out a kind of 
topology of the wheel assembly, not unlike a “shin bone’s connected to the… kneebone” description. In 
doing so, Rob is explaining both his design for the assembly and how to interpret the artefact itself, as 
discussed previously in Section 6.2. He’s holding the single line drawing, in one hand, and reaching across it 
with the pen in his other hand, which he uses as a pointer. Rob fluidly combines speech, gestures and 
pointing with the pen to articulate his concept to the other engineers. For example, he says, “This is our … 
[part name omitted] through the centre… shaft on one side with its bearing housing”, tracing a line 
vertically down the page over a feature in the drawing, then pointing with the pen tip at the ‘shaft’ in the 
drawing, then finally pointing alternately at the two parts of the ‘bearing housing’. In this single phrase, he’s 
simultaneously explaining what the lines on the page mean (e.g., ‘this shape here on the page represents a 
shaft’) and how the design itself (“the not-yet-existing and in-the-process-of-becoming” (Schmidt & 
Wagner, 2002, p. 70)) will be laid out. He’s seamlessly and synchronously using gesture to tie together his 
verbal explanation, the graphical representation evident on the sheet, and the design concept he wishes to 
communicate to the others. Rob’s speech and gesture here have the effect of uniting the ‘physical space’ 
around his body, the ‘artefact space’ around the line drawing and the ‘design space’ in which the design 
concept exists. He is ‘tying the artefact to the design’. 
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McNeill (1992, after de Saussure, 1915/1959) holds that the strength of gesture lies in its ability to combine 
rich meaning complexes multidimensionally and without linearisation. Spoken language, in comparison, can 
only vary along the single dimension of time (e.g., phonemes, words, phrases, sentences, discourse) and 
hence forces meaning complexes to be broken into segments and then recombined to reconstruct 
multidimensional meanings. 
Rob’s combination of this multidimensional gesture and speech centred around the line drawing is highly 
indexical, - that is, his expressions “rely upon their situation for significance” (Suchman, 1987, p. 58). 
Indexical speech and gesture relies on a shared visual context to give access to referents: 
Indexical terms are those that 'index' or more plainly point to a part of the situation in 
which communication is being conducted. They are not merely context-sensitive; they are 
completely context-dependent. Words like I or now, for instance, can only be interpreted in 
the context of their use. (Brown et al., 1989, p. 33) 
Henderson (1995) notes the importance of visual representations in engineering design. She talks about 
artefacts being “interim concrete manifestations of the design” (Henderson, 1995, p. 278), representations of 
the designers’ shared knowledge: 
This knowledge becomes articulated into a verbal format, but one that relies heavily on 
visual reference. Communications take forms such as “this little piece, here” or “where it 
protrudes, there,”, articulations similar to those Knorr-Cetina (1990) reports in scientific 
practice. She terms this “optical induction” in that the visual portion of the operations is 
linked to the talk by physical gesture and place holders in the conversation. (Henderson, 
1995, p. 287) 
Brown et al. (1989) agree that visual reference to shared artefacts is central to communication, noting the 
transparency of such references in moment-to-moment interactions:  
Representations are, we suggest, indexicalized rather in the way that language is. That is to 
say, they are dependent on context. In face-to-face conversations, people can interpret 
indexical expressions (containing such words as I, you, here, now, that etc.), because they 
have access to the indexed features of the situation, though people rarely notice the 
significance of the surroundings to their understanding. The importance of the surroundings 
becomes apparent, however, when they try to hold similar conversations at a distance. Then 
indexical expressions become problematic until ways are found to secure their 
interpretation by situating their reference. (Brown et al., 1989, p 36) 
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Rob’s phone conversation with the client later in the day provides a compelling example of how the absence 
of shared visual context makes indexical expressions impossible. There is a clear contrast between the style 
of language he uses in his face-to-face conversations with the engineers and his phone conversation with 
the client. This phone conversation is presented below to illustrate the contrasting language, before the 
discussion returns to the second group meeting: 
[#C1  
Rob is sitting at his desk, just around the corner from where 
Michelle and François are sitting at Michelle’s desk. To his 
right on the desk is the computer keyboard, mouse and 
monitor, immediately in front of him is a small yellow memo 
pad with some notes on it, and to the left of that is an A4-
sized line drawing of the machine as viewed from the side. 
The line drawing has some extra lines, dimensions and notes 
handwritten on it. He picks up the phone and dials a number, 
and greets Andrew, his liaison within the client company. He 
is holding the phone in his left hand, but he’s holding that arm 
across his body so the phone is in his right ear. 
#C2  
He engages in a few pleasantries, then says “I was just 
wondering how high you wanted to be able to lift up the arm 
at the front”. After a pause, he says, “Oh OK, well it’s not as 
high as the wheel … so, say, one… one and a half metres, or 
something like that?” He writes on the yellow memo pad as he 
talks and then listens to Andrew’s response.  
#C3  
He swaps the phone over to his right hand and gestures in a 
flapping motion with his left as he says “And …the angle that 
you want to be able to tilt the bucket through or the forks, do you know what that would be at the 
moment?” After another pause, during which he writes on the pad, he says  “OK and how about how far up 
do you want to be able to tilt it up?”, gesturing with his right hand. After a short pause he says, “uh-huh”, 
then “aaah, what do you mean by… ? Six hundred millimetres up or…?”  
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#C4 
He swaps the phone back to his right hand again, and with his 
left hand he points at a spot on the line drawing in front of 
him. He says “aaah, I’m just talking about the uh … you’ve got 
the main boom, and the bit where the quick attachment is” 
leaning in over the desk so he’s now closer to the drawing. 
#C5  
He moves his left palm up and down and then points back on 
the line drawing as he says “well at the moment, I was 
basically after an angle you want to be able tilt … the bit 
where the quick attachment is, so where your bucket will 
attach and where your … your forklift will attach …” 
#C6 
After another pause he says “about forty five degrees, hmmm, 
ok that might make things tricky - it’s pretty tight in there but 
we’ll see what we can do”, jotting down notes on the yellow 
memo pad. 
#C7  
Rob finally says “Righto, thanks Andrew, see you”, and hangs 
up the phone before saying “OK” under his breath, and 
writing a few more notes on the memo pad.] 
There’s no ‘this’ or ‘that’ in the absence of a shared visual context. Rob and Andrew (on the other end of the 
phone) have to compensate for the lack of a visual referent, and Rob uses terms such as “how high you want 
to lift up the arm at the front” and “the bit where the quick attachment is” and “where the bucket will 
attach” to try and make himself understood.15  
Rob’s and Andrew’s efforts to construct an understanding of a physical artefact over a phone line can be 
explained in the terms of Brown et al. (1989) :  
                                                          
15 Interestingly, Rob still gestures and points to the drawing in front of him as he converses with his remote 
and unseen partner (as most of us find it difficult to avoid). McNeill (1992) too notes how people 
unwittingly display their inner thoughts through gestures. 
  Chapter 7 – Constellations of artefacts 
 161 
When the immediacy of indexical terms is replaced by descriptions, the nature of discourse 
changes and understanding becomes much more problematic. Indexical terms are virtually 
transparent. They draw little or no attention to themselves. They do not necessarily add 
significantly to the difficulty of understanding a proposition in which they occur, but 
simply point to the subject under discussion, which then provides essential structure for the 
discourse. (Brown et al., 1989, p. 36) 
The notion of indexicality becomes even more significant as we compare in Section 8.4 the engineers’ 
interactions with their desktop computers against interactions with other artefacts such as paper-based 
sketches. 
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7.2 -  Ty ing ar tefacts together  
Back at the second group meeting, Rob’s explanation of the design continues. Instead of gesturing and 
talking around the single line drawing, he starts using two line 
drawings in concert (see Table 7.2): 
[#E4  
At this point, Rob slides his chair over to Michelle’s desk to 
grab the sheet of paper with a different line drawing on it. He 
wheels his chair back to where he was, and holds the two 
pieces of paper up to show the others. He spends a few seconds 
shuffling them and rotating them relative to each other, one in 
each hand, saying “…and it comes out… sort of … looking 
more… that’s your … top view, this is your front view…”. 
After trying a few configurations of the sheets, he eventually 
grabs both the pages with his left hand. 
#E5 
He then starts relating features on the ‘front view’ drawing to 
the corresponding view of the same features on the ‘top view’ 
drawing. He says “so this circle here is basically the outside 
flange of the bearing housing. OK so that whole thing has to fit inside this flange of the aah… structure, so 
there’s a gap all along here basically for that to go up in there… and the flange… that flange there on the 
structure is actually this bit which goes up around here and also goes down there … and back up to that seal 
… OK then this flange here is basically a similar shape, except that it has this little bit filleted in here.’] 
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Table 7.2 - Rob continues his explanation 
 “So this circle here…” 
(tracing the pen tip twice around a 
circle in line drawing A) 
 
“…is basically the outside flange of 
your bearing housing…” 
(making a small back and forth motion 
with the pen tip on part of line 
drawing B) 
 
“…OK so that whole thing has to fit 
inside this flange…” 
(tracing vertical lines down two parts 
of line drawing B) 
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“…of the aah… structure, so there’s a 
gap all along here …” 
(tracing a line around part of line 
drawing A then retracing it in reverse) 
 
“…basically for that to go up in 
there… and the flange… that flange 
there on the structure …” 
(making a stabbing motion with the 
pen at line drawing B then pointing 
with the pen tip at part of the 
drawing)  
“…is actually this bit which goes up 
around here …” 
(tracing a line on line drawing A with 
the pen tip) 
 
“…and also goes down there …” 
(continuing to trace the line) 
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“…and back up to that seal …” 
(continuing to trace the same line) 
 
“…OK then this flange here …” 
(grabbing the paper in his right hand 
and using his left forefinger to 
repeatedly alternate between pointing 
at two parts of line drawing B) 
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“…is basically a similar shape, except 
that it has this little bit filleted in 
here.” 
 
(shuffling the sheets of paper and 
swapping over to holding them in his 
left hand again, then pointing to a spot 
on the line drawing A) 
 
 
Rob continues his explanation for a short while, then with Nathan’s assistance sticks his two line drawings 
onto the tray of the whiteboard, which hangs on the wall behind Rob. The next excerpt (drawn from #E18) 
occurs a few minutes later, as Nathan, sitting some distance from the whiteboard, asks Rob, “that flange 
around the outside of the bottom drawing – what’s that actually bolting to?” (See Table 7.3) 
[#E18 
Nathan says “that flange around the outside of the bottom drawing – what’s that actually bolting to?”, and 
Rob points with his pen on the drawing on the right as he replies “well there’ll be two flanges that are 
basically exactly the same shape, there will be that one and that one, they’re both twenty-five millimetres 
thick, one of them is welded…to the structure”, moving his pen over to the drawing on the left. Nathan says 
“oh OK, so that outer one is welded to the structure”, and Rob continues, “that, this is the structure 
thickness that goes around here, so it’s gonna be welded all the way along there”, tracing the pen along a 
line on the left drawing, “… and all down here and welded to the … inside plate which is sealing that off.” 
#E19  
Rob continues “So that’s what it’s welded to, and then you have basically an almost identical shaped one – 
it’s only this thin bit, it’s only thin around here”, tracing a line on the drawing, then you have an almost 
identical shaped one which actually bolts on to that…” circling a different component on the drawing, and 
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Nathan says “oh, OK, yep”. Rob reaches over to the right drawing and marks a small vertical line as he says 
“… through these bolts here…” then reaches back to gesture around the drawing on the left, “so it starts in 
thinner, and goes out to that shape, but then it has this little bit in here and also comes out fully across 
here”.] 
Table 7.3 - Rob continues his explanation 
“… there’ll be two flanges 
that are basically exactly the 
same shape, there will be 
that one and that one, 
they’re both twenty-five 
millimetres thick, and one of 
them is welded…” 
 
(pointing alternately to two 
adjacent parts of line 
drawing B) 
 
“…to the structure.”  
 
(pointing to part of line 
drawing A) 
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“This is the structure 
thickness that goes around 
here, so it’s gonna be welded 
all the way along there…”  
 
(tracing a line around a part 
of line drawing A)  
 
“… and all down here and 
welded to the … inside plate 
which is sealing that off.” 
 
(continuing to trace the line) 
 
“So that’s what it’s welded 
to, and then you have 
basically an almost identical 
shaped one – it’s only this 
thin bit, it’s only thin around 
here…” 
 
(tracing a different part of 
the drawing) 
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“… then you have an almost 
identical shaped one which 
actually bolts on to that…” 
 
(tracing around a circular 
part of line drawing A)  
 
“… through these bolts 
here…” 
 
(drawing a small vertical line 
on line drawing B) 
 
“… so it starts in thinner, 
and goes out to that shape, 
but then it has this little bit 
in here and also comes out 
fully across here.”  
(tracing a path around a 
component in line drawing 
A) 
 
 
The indexical nature of Rob’s speech and activity are again quite prominent, contrasted with Nathan’s 
phrasing “that flange around the outside of the bottom drawing”. Rob is now using two separate but related 
artefacts to explain his design - the ‘top view’ and ‘front view’ of the assembly he is working on. 
Interestingly, he seems to ‘tie the artefacts together’ - the views seem to be treated as ‘parts of a collection’ 
rather than as individual perspectives on the design. He makes ties between the two sheets of paper and the 
design by saying “This circle here [drawing A] is basically the outside flange of your bearing housing 
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[drawing B]” or “that flange there on the structure [drawing B] is actually this bit which goes up around 
here [drawing A]”. Rob seems to talks around the two artefacts not just to present two separate viewpoints 
onto the design, but to build up an emergent depiction of the design for the other engineers. To use the 
crude analogy of stereoscopic vision, Rob’s two artefacts are like a ‘left eye view’ and a ‘right eye view’ – 
each image alone presents a limited perspective, but used together, an emergent, deeper image can pop into 
relief for the other engineers. This particular example provides an almost literal example of how engineers 
use multiple artefacts as perspectives onto a design. 
Hutchins’ (1995) theory of Distributed Cognition treats ‘functional systems’ (comprising humans, culture, 
artefacts, the physical environment etc) as systems that perform the tasks we might otherwise attribute to 
individuals: “The functional system that performs the task is a constellation of structured representational 
media that are brought into coordination with one another” (Hutchins, 1995a, p. 170).  
This notion of ‘constellations’ provides the inspiration for this section heading, but here I am concerned 
only with ‘constellations of artefacts’, where Hutchins takes ‘constellations of structured representational 
media’ to include such things as mental states and internal computer states. Constellations (for example, 
those related to signs of the zodiac) are associations of stars that seem to sit in ‘clumps’ as observed from our 
particular tiny blue dot. The shapes that a skilled stargazer sees in these arrangements give structure to what 
would otherwise be a seemingly random arrangement of bright dots. The stars themselves don’t usually have 
any significant physical influence on the other stars in their constellation. They are essentially isolated, 
discrete entities, but we choose to project relationships between the stars to give rise to ‘images’ in the sky , 
for example a crab or set of scales. Similarly, the combinations or constellations of artefacts the engineers 
use in concert with each other are only given their emergent meanings through the interactions – the 
artefacts themselves don’t ‘relate’ outside a particular interactional context. 
Michelle also uses a small ‘constellation’ of artefacts to directly support her explanation of the weld 
calculations to François, immediately after the first group meeting in the morning. This excerpt comes just 
before the excerpt discussed in Section 5.1. She has in front of her a printed line drawing that she had asked 
Rob for earlier, and a printout of the same weld calculations that are showing on the screen. 
(Data from #B2 and #B3 are presented, with the second part of #B3 represented in more detail in the 
subsequent Table 7.4.) 
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[#B2  
She simultaneously points with her left forefinger and with 
the pencil in her right hand at the line drawing. She explains 
“You’re trying to attach this… that’s… this is a big circular 
tube, this is the gearbox and it’s attaching to a shaft that’s 
here…” then starts sketching a small diagram of the tube with 
flanges underneath the line drawing as she continues “… and 
because they’re far apart you’ve got a big tube, so just to join 
them together you’ve got a tube and you’ve got a flange going 
there …” 
She continues sketching as she says “We’ve just got to work 
out which size weld we’ve got to put on these flanges here…” 
then moves her hands up to point at the line drawing as she 
finishes “…so we can hang the gearbox off this side and attach 
it here on the other.” 
She moves the sheet of paper with the line drawing on it to 
the top of the desk and reaches back to the left of the 
computer to grab her notebook, saying “so what we’ve got is 
a… I’ve got pictures and stuff in here…” 
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#B3 She flicks through the pages until she finds the one she 
wants, folds the book back on itself and places it flat over the 
printed calculations on the desk. She says “OK, so it’s a tube, 
like that, it’s got a flange on here so you’ve gotta work out the 
weld…” As she speaks, she’s drawing over a quasi-3D diagram 
she’s previously made of the weld, reinforcing the small lines 
that indicate the weld. 
She then lifts up the notebook, moves the computer keyboard 
out of the way and replaces the notebook, so now the 
notebook sits comfortably beside the printed calculations 
instead of on top of them. She continues “…and what I’ve 
done is… I’ve had to work out, OK so your loading on this 
part … on this tube is … you’ve got a motor out here, which is 
out here, and you’ve got your gearbox which is out there, and 
the mass of this actual tube, which is there, and because this 
motor’s sort of off centre, it’s going to be causing it to twist 
that way, and because you’ve got loads in this direction it’s 
going to be causing it to go that way. And so you’ve gotta 
work out those sort of forces on the weld.” 
She looks at the printed calculations lying to the right of the 
notebook and says “Ummm so to work out these loads you 
know the mass of the motor, you know the mass of the 
gearbox, but you don’t know the mass of the tube, so we use 
the density of steel. You can work out the area of the tube because we know how thick the tube is, and then 
volume and then mass equals density times volume, so we can get that.] 
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Table 7.4 - Michelle explains the weld calculations 
“…and what I’ve done is… 
I’ve had to work out, OK so 
your loading on this part … 
on this tube…” 
 
(pointing with the pencil tip 
to the tube diagram)  
“… is you’ve got a motor out 
here …” 
 
(pointing with pen tip to a 
part of the diagram away 
from the tube) 
 
“… which is out here …” 
 
(reaching forward on the 
desk to point with her finger 
at a spot on the printed line 
drawing) 
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“… and you’ve got your 
gearbox which is out there 
…” 
 
(pointing with her little 
finger and the pen tip at part 
of her diagram) 
 
“… and the mass of this 
actual tube, which is there” 
 
(pointing to a different part 
of the line drawing) 
 
“… and because this motor’s 
sort of off centre…” 
 
(pointing to another part of 
the diagram) 
 
“… it’s going to be causing it 
to twist that way…” 
 
(gesturing in a rotating 
motion with both hands) 
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“… and because you’ve got 
loads in this direction it’s 
going to be causing it to go 
that way…”  
(pointing with one finger 
then making the same 
rotating gesture in a different 
orientation) 
 
“.. And so you’ve gotta work 
out those sort of forces on the 
weld.” 
 
(pointing back at the 
diagram) 
 
“Ummm so to work out these 
loads you know the mass of 
the motor” 
 
(pointing with pen tip at the 
‘motor’ as represented in the 
diagram)  
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“… you know the mass of the 
gearbox…” 
 
(pointing to the ‘gearbox’ as 
represented in the diagram) 
 
“but you don’t know the mass 
of the tube.”  
 
(pointing to the ‘tube’ as 
represented in the diagram) 
 
“You can work out the area 
of the tube because we know 
how thick the tube is, and 
then volume…” 
(reaching over to point at a 
line in the printout of the 
calculations)  
“… and then mass equals 
density times volume…”  
 
(drawing dots underneath the 
respective terms in the 
equation) 
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“… so we can get that.” 
 
(underlining the term for 
‘mass of tube” in the 
equation) 
 
 
Here, Michelle is explaining her weld calculations to François with the help of her earlier notes in her spiral 
bound notebook, a printed line drawing showing the cross section of the assembly, and a printout of the 
same weld calculations that are displayed on the computer screen beside her. Her interactions around these 
artefacts are incredibly fluid – she seamlessly fuses gesture, speech and a constellation of diverse artefacts to 
create a single, coherent emergence of meaning.  
While it is easy to wax lyrical about this agile exhibition of artefact use, it pays to remember that this kind 
of achievement is by no means exceptional - the work that the engineers at Emco undertake is typical of 
innovative mechanical engineering design and analysis firms. The tight integration of design and analysis 
activity, the socially-mediated interactions around multiple parallel artefacts, and the ongoing ‘dialogue’ 
between engineers and artefacts would be familiar to any engineer. Part of the challenge of this thesis is to 
‘render the familiar strange’ (Hughes et al., 1994) in engineering design, in order to gain a deeper 
understanding of how these interactions support design activity. 
Rob’s and Michelle’s interactions highlight how artefacts gain their significance not only through how they 
relate to the design they represent, but through how they relate to each other. Artefacts are used to explain 
each other. They are used in a ‘constellation’ - the front view and side view of the machine only make sense 
when used in concert. The calculations and diagram are complementary, each being used to give meaning to 
the other. 
Bertelsen and Bødker (2002, p. 1) draw on Activity Theory to describe common information spaces as 
comprising “clusters of artefacts around which a web of use activities unfolds”, and present lessons learned 
in two case studies: a wastewater treatment plant and a design collaboratorium. Expanding on the notion of 
single artefacts mediating activity, they elaborate how they observed artefacts participating in 'chains of 
mediation' in multiple contexts. They describe how artefacts have open and heterogenous uses: that is, they 
are used in ways other than those intended, they are used differently depending on purpose and in manners 
that are difficult to anticipate. 
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They articulate (among other notions) how: 
- artefacts are part of more than one use situation 
- many artefacts mediate the same activity 
- the outcome of one activity often becomes the artefact (mediator) of others 
- ‘re-mediation’ happens (that is, activity is carried out through chains of such conversions) 
- substitution of artefacts occurs 
- artefacts are used together to mediate activity (for example, juxtaposition of a notebook and whiteboard to 
reconstruct a discussion), and 
- artefacts modify other artefacts 
The concept of a ‘chain of mediators’ (where an outcome of one activity mediates the next) sits well within 
the development-focused Activity Theory framework. Furthermore, this conceptualisation illustrates the 
strength of having well-articulated principles within a given theory: it allows researchers to systematically 
apply the theoretical framework to a setting. By highlighting “anointed” objects of analysis (Halverson, 
2002) (subject-object interactions, ‘mediation’, ‘externalisation’), Activity Theory provides analytical support 
to researchers questioning what to look for in analysing data. Distributed Cognition and situated approaches 
provide something of a contrast in this respect, having no clear set of features to look for in undertaking an 
analysis. 
However, one of the disadvantages of a one-size-fits-all framework such as Activity Theory is that its very 
generality can lead otherwise interesting phenomena to be subsumed into high-level descriptions. For 
example, the theory draws on the concept of a ‘mediator’ that is a means for the ‘subject’ to achieve their 
‘object’. The ‘mediator’ can be anything from a subject’s own experience (Barab et al, 1999) to a hammer 
(Bødker, 1991). In the case of Rob’s explanation to Michelle of the ‘flowing forces’, for example, both the 
‘flowing forces’ heuristic and the printed line drawing act as ‘mediators’ within this theory. While this 
conceptualisation of ‘mediator’ does capture some features of the heuristic and the line drawing, bundling 
them together under the same banner does little to tease out the nuances of how they are being used in 
practice. Hence, while well defined frameworks can support analysis, overly general categorisations can 
mask phenomena in the data that warrant closer attention. 
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7.3 -  Ar tefacts as t ransient  constructs in  an emerging web 
Section 6.3 illustrated how the meaning of artefacts is constructed through interaction in a specific context, 
and Section 7.2 showed how the meaning of artefacts also derives from how they are seen to relate to other 
artefacts (in ‘constellations’). This section unites these two ideas to present artefacts as transient constructs 
in an emerging web of meaning. 
The term ‘transient constructs’ was coined by Lanzara (1999) from his studies of how IT systems and 
organisational workflows evolve over time. He found that IT systems aren’t stable entities that support work 
as ‘closed boxes’ (finished tools in the hands of users), but rather are cobbled together, piecemeal, in an 
ongoing bricolage16 (Levi Strauss, 1962). He sees the local, small scale experiments that happen through daily 
practice are a powerful driver for long-term evolution and improvement of organisational processes. He 
called such experiments ‘transient constructs’17 - innovations and improvisations that occur 'on the fly' and 
may eventually coalesce into persistent structures. “Transient constructs emerge, do their job for a while, 
then get discarded... In the process a new configuration may eventually take shape, yield increasing returns 
and become stable.” (Lanzara, 1999, p. 341) 
Schön’s (1983, 1987, 1990, 1992) and Schön and Wiggins’ (1992) conception of design as a “reflective 
conversation with the materials of a design situation” also emphasises the emergent, experimental nature of 
design activity. Design is treated as an exploratory dialogue, a cycle of seeing-moving-seeing that is 
embedded in the concrete particulars of design artefacts: “You want to let the object control you, in a way, 
at the same time as you’re trying to control it … knowing that what you are engaging has its own mind” 
(Schön, in Binder, 1996, p. 54). Creating an artefact is at once a consolidating and generative exercise:  
The sequential, conversational structure of her seeing-moving-seeing enables [one] to 
manage complexity, and it harnesses the remarkable ability of humans to recognize more in 
the consequences of their moves than they have expected or described ahead of time. 
(Schön, 1992, p. 7, original emphasis)  
Goldschmidt (1999, p. 180) similarly draws attention to the power of artefacts lying in their ability to 
‘backtalk’, taking the example of a sketch: “one reads off the sketch more information than was invested in 
its making”. Buur and Andreasen (1989) see artefacts as a means to ‘buy information’. The talk of 
‘investment’ and ‘buying’ hints at the balance between the effort required to construct the artefact and the 
                                                          
16 While bricolage may have connotations of 'inferior' or 'imperfect', Lanzara argues it also has a sound 
vantage point as a strategy for designing because it allows experimentation and variation to occur via 
transient constructs in a safe and reversible manner. 
17 In developing the idea of a ‘transient construct’, Lanzara acknowledges Winnicot’s (1953) theory of 
‘transitional objects’. 
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‘payback’ that comes from using the artefact. The following condensed version of Nathan’s and Michelle’s 
activities (in #G91 and #G92) demonstrate how ‘investing’ in artefacts and using transient constructs can 
‘buy’ understanding. 
As Nathan and Michelle continue to try and make sense of his 
prior calculations (see, for example, #G91 and #G92), their 
attention turns to a series of ‘If’ statements in the calculations, 
which have been designed to compute components of the 
forces using different formulae, depending on whether the 
main boom is above or below the horizontal. They are having 
trouble making sense of the different ‘clauses’ within the ‘If’ 
statement, and want to verify that they are calculating 
correctly. 
Nathan quickly sketches a new diagram on a fresh page – it is a 
schematic of the main boom with the horizontal - and together 
they identify a number of ‘cases’ that the calculations must 
account for. Initially, Nathan identifies two cases: in Case One, 
the boom starts below and stays below the horizontal; in Case 
Two, the boom starts above and stays above the horizontal.  
Gesturing on the diagram, Michelle identifies a third case, 
where the boom starts below and goes above the horizontal (or 
vice versa), which creates a challenge for the engineers – how 
can they represent the third case in their existing ‘If’ 
statements? Nathan and Michelle keep developing the 
calculations on the basis of these ‘cases’, redrawing their initial 
sketch as it becomes cluttered and they become more 
confident in their conception of the ‘cases’. They eventually 
rebuild the ‘If’ statements in the calculations to mirror the 
three cases they identified through the sketch. 
Here, Nathan initially sketched a ‘quick and dirty’ schematic to try and make sense of his earlier 
calculations. Based on this schematic diagram, the discussion was structured around the identification of 
‘cases’, and using this conception of ‘cases’, Nathan and Michelle recognise that not all possible 
configurations are accounted for in the existing calculations. Here, the sketch and the parallel conception of 
‘cases’ are ‘transient constructs’ – local, small-scale, reversible experiments intended to make sense of a 
situation that was fast becoming frustrating for Nathan and Michelle. As Lanzara (1999, p. 342) states, such 
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artefacts “…work as 'fixes' to assure some provisional order and meaning, 'pithons' (sic) to pull ourselves up 
on a cliff - perhaps upward to the safest high grounds of more established certainties, always to be re-
examined.” 
The conception of the ‘cases’ turned out to be useful – it helped Michelle identify the problem with the 
existing ‘If’ statements. In Schön’s words, “The diagram immediately engages you with a set of relationships 
which it evokes only because of its presence as marks on space” (Schön, in Binder, 1996, p. 54). Nathan and 
Michelle gain leverage from the idea of ‘cases’, adopting it as a resource for constructing the ‘If’ statements 
in the new improved mathematical model. Here, a spontaneously generated artefact, a transient construct, 
has unexpectedly annealed into a stable, lasting resource for the ongoing development of the calculations.  
Artefacts in engineering design are transient constructs given meaning in a specific context of use and in 
relation to other artefacts. The web of meaning emerges as the engineers move the design forward. The 
artefacts are not stable, but rather, they are constituted in the ongoing history (Lave, 1988). Nathan and 
Michelle’s interactions around the sketch and the calculation model illustrate how the usefulness and 
‘permanence’ of these artefacts aren’t pre-given, but rather their roles and importance are made manifest 
‘on-the-fly’ as the engineers work, and the roles and physical incarnation are continually shifting and 
evolving as the design progresses. 
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7.4 -  The interact ional  career  of  an ar tefact  
Design is a process, but not to designers (Dorst, 1997). 
Perhaps the best way to illustrate and understand how the roles of artefacts vary over time is simply to track 
one. The title for this subsection is inspired somewhat by Henderson’s (1995) The Political Career of a 
Prototype, in which she discusses the politics of design representation by following a prototype through its 
various incarnations within an engineering firm. In the case of the Emco engineers, the field data shows 
resources continually being generated, appropriated and adapted to suit the challenges the engineers face 
from moment to moment. The artefact being tracked here is Rob’s line drawing – his ‘AutoCAD picture’ of 
the ‘head’ of the wheel attachment. 
Table 7.5 - Tracing the interactional career of an artefact 
#B1: Michelle calls out to ask Rob for a 
printout of his drawing – “hey Rob, do 
you have that AutoCAD picture of the 
one that had the bearings… like the 
whole assembly, the shaft assembly?” 
Rob grabs a copy off his desk and gives 
it to Michelle, explaining that there 
are actually other welds that will need 
calculations done, and she annotates 
the drawing to show these. 
 
#B2: Michelle uses the line drawing to 
help explain her calculations to 
François, annotating them with a 
sketch of the weld for clarification. 
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#D5: Rob conscripts the artefact to 
explain the load path of the motor to 
Michelle 
 
#E1: Rob prints a fresh copy out at the 
start of the second group meeting, 
then reprints it again – “what I might 
actually do is … blow each of these up 
into a big drawing so I can show it to 
you” 
 
#E2: Rob explains the concept for the 
assembly, using the two views in 
concert. 
 
#E14: Nathan helps him to stick the 
sheets on the whiteboard, and the 
discussion continues around the line 
drawing as the meeting progresses. 
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#E46: As the design of the assembly 
changes, Nathan annotates the 
drawings to reflect their modifications. 
 
 
This foreshortened view highlights how the line drawing can be seen to change roles a number of times 
even through the few hours represented here. Initially, Michelle wanted this artefact as a resource to 
support her explanation of the weld calculations to François, but as Rob goes to hand it over, he uses it to 
explain to Michelle the further calculations that will need to be done. Michelle annotates the drawing, 
highlighting the locations which will require calculations, so the artefact is now being used to reflect the 
new information that Rob has passed on. From there, Michelle uses the artefact to support her explanation 
of the weld calculations to François, gesturing and sketching around the line drawing as she talks. She 
spontaneously adds a sketch of the weld detail underneath the printed drawing, to make the weld location 
clearer. Shortly thereafter, Rob uses the same artefact to support his explanation to Michelle of where the 
forces ‘flow’ through the structure. The artefact is used here to augment an explanation which would be 
difficult to make clear just verbally. 
As the group meeting commences, Rob prints out the line drawing to use as a shared resource, but then 
reprints the line drawing in two separate ‘zoomed’ views as he realises that his first printout would be too 
small to see at a distance. As the meeting progresses, Rob holds up the two sheets of paper and gestures 
around the line drawings, using the two views in concert to help him articulate his design to the others. A 
debate over the design unfolds through the meeting, and Nathan helps Rob to stick the two sheets of paper 
on the whiteboard. They are now a public, collective resource for the engineers, and are pointed to and 
referred to from a distance as the engineers use them in concert with other artefacts such as product 
catalogues to support their design discussion. Finally, Nathan annotates the drawings to reflect the design 
changes agreed upon during the meeting, and the group disperses. Rob takes the line drawings of the 
different views away from the meeting – they now act as permanent record of the group’s design decisions. 
The line drawing of the design exists in various incarnations and permutations through its ‘interactional 
career’ in the few hours described above. The role of this artefact varies widely – it is used apparently 
unpredictably in a progression of critical support roles for the engineers. 
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In elucidating his theory of DCog, Hutchins (1990, 1995a) describes in detail how navigational artefacts are 
used on a navy ship, elaborating on how the interactions take place within a highly structured environment, 
with strict rules, regulations, organisational hierarchies, procedures and standards all designed to ensure the 
system is robust, dependable and predictable. In such an environment, artefacts are used in clearly defined 
roles, and follow complex but well-worn, established, scripted trajectories through the sailors’ tasks. 
Hutchins abstracts both his experiences of Western navigation and others’ accounts of alternative 
navigational practices in Micronesia to give a universal computational account of navigation. He argues that 
any collaborative human activity can be analysed as the propagation and manipulation of constraints across 
various media, but as Halverson (1994, p. 12) herself admits, the effective deployment of the theory of 
Distributed Cognition is facilitated by certain properties of the system being studied, including being 
“culturally elaborated, well documented and highly rationalized systems.” Viewing collective human 
activity as an instantiation of a computational system, if possible at all, relies on the description of the task 
being abstracted to a level where interaction can be treated as propagation and transformation of 
constraints. It comes as no surprise, then, that Distributed Cognition gives the appearance of sufficing in the 
analysis of work environments that can be treated as “highly rationalized” and where workers are 
encouraged to stick to clearly articulated behavioural ‘programs’ - environments such as air traffic control 
rooms and navy ships. However, it fails as an account when not only computation but problem formulation 
are taking place on the fly. In regimented situations it fails to account for ordinary human innovations that 
are not anticipated – these are generally regarded as aberrations or noise that can be overlooked. 
An example of the kind of ‘task’ that is suited to a DCog analysis is the ‘fix cycle’, described in Hutchins 
(1995a, Chapter 3). The fix cycle is a scripted procedure enacted by a group of sailors to ‘fix’ or identify their 
position in ‘map space’ and in ‘real space’. It involves a range of activities including the use of a number of 
specialised navigation tools. Bearings must be taken, reported, remembered and plotted, the chart and ‘dead 
reckoning’ track (expected future position) must be updated, and so on. Hutchins’ description of this ‘task’ of 
the fix cycle presents a very clear, established, well-documented process – within the script itself, the only 
uncertainty is the acknowledgement that the fix cycle has “no unambiguous beginning or end” (Hutchins, 
1995a, p. 133). Deviations from this procedure are prohibited outside of extenuating circumstances, and the 
‘computational system’ (comprising the sailors, their tools and the environment) is ideally centred on an 
equilibrium where all the constraints propagate smoothly and predictably, without ambiguity or 
uncertainty. However, in the event of a disruption, “the members of the team are able to compensate for 
local breakdowns by going beyond the normative procedures to make sure that representational states 
propagate when and where they should.” (Hutchins, 1995a, p. 228) 
In the example of the ‘interactional career’ of the line drawing at Emco, though, and in Henderson’s (1995) 
study, design artefacts weave erratically and unpredictably through the engineers’ activities. This design 
activity is “culturally elaborated” (Halverson (1994)) in the sense that it plays out in a social, collaborative 
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environment, and could be described as “well-documented” (in retrospect, not in advance) in the sense that 
it generates a great deal of computer-based and paper-based artefacts. However, Halverson’s term “highly 
rationalized system” is clearly not an apt description of the design activity discussed thus far.  
Glock (2003, p. 225), citing Schön (1983), articulates it thus: “Design actions and interpretations, rather than 
the execution of a preconceived plan, are (embodied) responses to the solicitation of situations – the idea of 
design as a ‘quasi dialogical’ interaction with humans and ‘non-humans’ or “conversation with a situation.”” 
Design is recognised by those that practise it as being a ‘wicked problem’ (Rittel & Webber, 1984; Buchanan, 
1992). In designing the solution to a wicked problem, the solution of one aspect of the problem may reveal 
another, more complex problem. Wicked problems have a number of features that make design activity far 
from “highly rational”: 
1. There is no definitive formulation of a wicked problem.  
2. Wicked problems have no stopping rule.  
3. Solutions to wicked problems are not true-or-false, but good-or-bad.  
4. There is no immediate and no ultimate test of a solution to a wicked problem.  
5. Every solution to a wicked problem is a "one-shot operation"; because there is no opportunity to learn by 
trial-and-error, every attempt counts significantly.  
6. Wicked problems do not have an enumerable (or an exhaustively describable) set of potential solutions, 
nor is there a well-described set of permissible operations that may be incorporated into the plan.  
7. Every wicked problem is essentially unique.  
8. Every wicked problem can be considered to be a symptom of another problem.  
9. The existence of a discrepancy representing a wicked problem can be explained in numerous ways. The 
choice of explanation determines the nature of the problem's resolution.  
10. The planner (designer) has no right to be wrong. 
The changing roles of the line drawing artefact passed around amongst the engineers is far better accounted 
for in a more situated approach. The difference in perspective between DCog and situated theories lies 
partly in the difference between generalisable abstractions of activity and rich, contextual, unique 
descriptions of activity. Hutchins takes the approach that navigation ‘boils down to’ computational 
equivalence across communities, and this argument relies upon the task and its intent being well defined in 
advance. Such an approach cannot account for design problems, which have the characteristics of wicked 
problems as listed above. 
Suchman (1987) argues that in creating universal abstractions or frameworks of activity, we project a 
rationalised, reductionist structure onto the situated practice we observe and in doing so limit our 
understanding of that practice. The chasm between theories is both epistemological and methodological, 
with conflicting views not only on how to conceptualise the activity, but how to analyse it. For example, 
Rogers and Ellis (1994) say the starting point to a distributed cognition analysis of work practice should be 
an identification of exceptional cases in addition to routine operations, but Suchman’s claim is that the very 
notions of ‘exceptional’ and ‘routine’ are meaningless as descriptors of authentic human activity. Countless 
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examples of poorly-integrated technological support systems would indicate that even seemingly ‘routine’ 
human activity is difficult to account for within a rational, logical framework. 
Ironically, Hutchins’ (1995a) example of the Pulawi islanders’ canoe expeditions between islands (which he 
uses to illustrate the universality of the ‘task’ of navigation) is somewhat similar to Suchman’s (1987) 
analogy of a canoeist’s negotiation of rapids (used to illustrate contingent, moment-to-moment engagement 
with the particulars of a situation). One wonders how “highly rationalised” the procedures are on a Pulawi 
canoe, and if a DCog perspective can truly account for what appears to be a deeply situated, unstructured 
activity. Hutchins didn’t observe any Micronesian navigation practices – here he relies on his own framing 
of the accounts of others. From a phenomenological perspective, at least, a vast chasm clearly lies between 
the lived experience of navigation on a navy ship and the lived experience of ‘navigation’ on a Pulawi canoe. 
The Pulawi were successfully ‘navigating’ long before others devised the mathematical abstractions used to 
describe navigation and computation in general. 
Perhaps Distributed Cognition analyses are better facilitated in highly rationalised environments because 
the underlying assumption of ‘social systems as computation’ has its greatest claim to validity in such 
environments. It is certainly easier to view human cognition as based on plans and scripts in these highly 
rationalised environments, but even then, argues Suchman (1993) (and less vehemently, Bardram, 1997), 
when plans are used, they only emerge through embodied, situated interaction in the world. 
In the ‘wicked’ engineering design activity presented above, the artefacts simply don’t follow well-
structured, orderly ‘trajectories’ of use like Hutchins’ navigational artefacts. The artefacts aren’t being used 
to support well-structured ‘tasks’, so we can only trace their trajectories in retrospect. We can’t say how 
they should be used nor can we predict to any degree of certainty how they will be used. The analysis shows 
that each artefact may be used in a particular role at any given time, for example, to provide a single 
perspective onto part of the design or to support an explanation. Over time, though, we see that the design 
emerges unpredictably through a series of situated interactions with a whole constellation of artefacts, such 
as sketches, calculations, line drawings, and prototypes. Artefacts are used in unanticipated ways because 
design activity itself is inherently unstructured. The engineers can be seen to progressively build meaning 
through this constellation of artefacts, tying artefacts together in different ways to make sense of and to 
develop the design, to share meaning with other participants, and to validate and improve the actual 
artefacts themselves. 
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Chapter 8 -  Shared artefacts, 
shared context, 
shared use 
The previous chapters have examined how artefacts are both representations of and 
participants in design, and are used as multiple dynamic perspectives onto a design, but as 
yet the discussion has only briefly touched on the collaborative aspect of engineering 
design – when the engineers (attempt to) share their artefacts as they negotiate the design. 
This chapter looks firstly at why engineers need to share their artefacts at all, drawing on 
prior research and a rich excerpt from field data to illustrate how engineering design 
engenders a culture of constructive criticism – design is a collaborative, evolving 
negotiation of meaning mediated through shared artefacts. 
The discussion then moves towards considerations of this ‘sharing’ of artefacts. Using an 
example from field data, I firstly show how the engineers work to negotiate the 
nomenclature of what they are designing – developing a shared language of their design. I 
then walk through a case where one engineer isn’t willing or able to use another’s 
mathematical model, and describe how the engineers try and negotiate an understanding 
of the problem at hand, eventually waging a friendly competition to develop a model in 
which they can share trust. 
The chapter concludes by highlighting the relationship between the physical and social 
properties of artefacts and their shared use, drawing again on field data and concepts from 
ecological psychology to illustrate: 
• How physical properties of the artefacts both enable and constrain the interactions 
taking place around and through them, 
• How the engineers modulate the physical properties of the artefacts to better 
support their interactions, and  
• How artefacts differ in the collaborative interactions they are able to support. 
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8.1 -  Col laborat ive,  construct ive cr i t ic ism around ar tefacts 
Design doesn’t happen at a desk, it’s in the interactions between people. 
(Jacob Buur, 2000, pers. comm.) 
Design and engineering is constructed through the interactions of multiple actors, and (…) 
artefacts and representations of the design process have a key function in the organisation of 
this work. 
 (Perry & Sanderson, 1998, p. 273) 
Since this dissertation investigates the means through which engineers collaborate, it would seem 
reasonable to ask, “why do the engineers collaborate in the first place?” The question is particularly 
pertinent within the corners of engineering design research where design continues to be characterised as a 
predominantly individual activity (see for example, Pahl et al., 1999). 
Kalay (1999a) states, 
The need for collaboration arises when the limits of their abilities prevent individuals from 
completing a given task on their own (due to the lack of knowledge or power), or when 
collaboration can help them complete the task more quickly and efficiently. By combining 
their abilities, a collaborative arrangement can help individuals undertake larger and more 
complex tasks, gain perspective on the shared enterprise they would not have been able to 
perceive on their own, learn from others, and be motivated by them. (Kalay, 1999a, p. 1) 
Bowers and Pycock (1994, p. 299) argue that “progress will only be made in understanding technical design 
if we appreciate its nature as a social activity”. Valkenburg (1998, 2001) argues that the development of a 
shared understanding among the team members is at the heart of the social activity of design. Bucciarelli 
(2002) agrees:  
Designing is not faithfully represented as simply the art of applied science pursued by an 
individual at a work station or drafting board. In most cases today, it is the business of 
groups of individuals who, if they are to be effective, must know how to discuss, deliberate 
and negotiate with others if their individual proposals and claims are to be taken into 
account and have meaning. (Bucciarelli, 2002, p. 220) 
The following excerpt from the field data is drawn from the second group meeting, in which the engineers’ 
discussion centres around the design of the ‘head’ of the wheel attachment. While lengthy, it warrants 
reading as it presents a genuine and rich example of how engineers move the design forward through 
collaborative, constructive criticism, and demonstrates how the artefacts are a critical resource for that team 
activity. 
The excerpt starts with Nathan’s simple question ‘where’s the grease line coming into for your bearing 
housing?’ The type of bearings they have chosen need a good supply of grease to keep them cool and moving 
freely, and this grease needs to be replaced periodically. The two most common methods are to have a 
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‘grease line’ permanently connected to the bearing through which fresh grease can be fed at any time, or to 
have a ‘grease nipple’ or small stub connector on the bearing housing, into which grease is fed manually 
when the machine is serviced. As the excerpt shows, this 
simple question has a less than simple answer… 
 [#E26  
Nathan says “aaah, where’s the grease line coming into for 
your bearing housing? Or were you just going to go with 
grease nipples?” Rob flicks his pen as he swivels on his chair, 
scratches his chin and says “aahh I think the… I’ll just have to 
have a look at the bearing housing…” and as he gets out of his 
chair and walks towards the back room he says “… but at some 
stage it may have to go through the structure.” He comes back 
in a few seconds with a component catalogue, sits back on his 
chair, puts the book on his lap and starts flicking through it. It 
has a number of Post-Its stuck in the tops of different pages. 
Nathan asks “do you like this kind of design work François?” 
François nods and says “yes”.] 
The ‘bearing housing’ Nathan is referring to is the same one 
they’ve been discussing earlier in the meeting – the ‘smaller’ bearing housing of the two supporting the 
main shaft. The component catalogue that Rob grabs is a standard reference in many engineering firms – 
such product catalogues typically have a few different views and schematics of a particular bearing (or other 
component) at the top of each page, with a table showing the available sizes for that bearing underneath. 
When Rob says “at some stage it may have to go through the structure”, he’s referring to the fact that this 
bearing is partly ‘inside’ the assembly, so depending on where the connector for the grease is, the grease line 
may have to be connected internally to the housing. 
[#E27 
Rob has flicked to the page he is after, and he swivels and 
wheels his chair back to where Michelle and Nathan can see it. 
He says “OK, so this is our bearing housing… pointing with his 
pen at the diagram, then he flicks back a page briefly, then 
flicks forward again and says “I’m not … I’m not a hundred 
percent sure where the grease nipple is. It needs grease coming 
in here for these seals. That could possibly be a grease nipple 
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there” pointing with his pen. Michelle says “it’s got a thing to clip on”, and Rob says “yeah” and lifts the 
catalogue over to where Nathan is sitting on the edge of the desk. Nathan puts down his coffee mug and 
holds the catalogue in front of him as he reads it.] 
The engineers have noticed a “thing to clip on” on the bearing schematic, which may or may not be a 
connector for grease supply. 
 [#E28  
Rob gets up from his chair and says “I’ll grab the seals”, 
walking out of the room as Nathan looks at the diagram and 
says “oh yeah that’d be it”. Nathan flicks through some of the 
adjacent pages and looks at the bearing schematics on each 
page. He rests his hand on one of the pages, then with his 
index finger slides down the list of bearing sizes underneath 
the diagram.] 
The issue of seals is closely related to bearings, as the seals on the shaft (often just adjacent to the bearings) 
stop abrasive impurities and contaminants from getting into the bearings, and similarly can keep the grease 
inside the bearings. Some seals themselves need to be lubricated. 
[#E29 
Rob returns to his chair with some loose sheets of paper (the 
seal schematics) and says “and the other thing is whether we 
need a special… aah…” and he wheels his chair over to the 
assembly schematics that have been taped onto the 
whiteboard. He points at a spot on the drawing and continues 
“apparently they’ve got… these are the seals we were looking 
at … you know, those LS TAC-type seals…they have like a…” 
and then rolls back to show Nathan, “… a little labyrinth 
through there” pointing to a part of the seal schematic, “and 
they also have a … this … little oil seal or something in here” 
and Nathan says “mm-hmm” to confirm. Rob continues as he 
points with his pen “and they also have this grease nipple here 
which purges the seal”, and he traces the path the grease 
would take to “purge” as he speaks. He then points at another 
schematic on the page and says “or you can just have the LS 
seal – which is like an LS TAC seal, which doesn’t have the 
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grease nipple, but… “ and Nathan interrupts and says “… yeah 
I think it would be useful because there’s lots of fine dust.” 
Rob replies “uh-huh … powder”.] 
Here, Rob has floated the idea of using a simpler, unlubricated 
seal, but with help from the seal descriptions, Nathan and Rob 
agree that it’s best to have a lubricated seal because of the dust 
or powder in the operating environment. The product 
catalogues are artefacts in their own right, but they have a different status than the artefacts the engineers 
develop themselves or inherit from co-workers. The catalogues are used as trusted resources for designing in 
these excerpts – they are not subject to the same critical eye that the engineers cast over other design 
artefacts. The existence of an entire range of mass-produced, standard-sized bearings and seals already being 
used in a range of applications (i.e. ‘for use in dusty applications’) is used here to give legitimacy to the 
engineers’ design decisions (i.e. ‘let’s use this particular type of seal’) but also to tell them what they should 
consider in future (i.e. ‘it’s important to consider whether the seal will be used in a dusty application’). The 
engineers are able to use the catalogues not only to select an appropriate seal for their application, but to 
infer the considerations they should make when selecting a 
seal or designing related components - the engineers can 
develop their ‘hardware repertoires’ (Brereton, 1998) through 
using the artefacts. 
[#E30 
Rob rolls over to the whiteboard and points at one side of the 
gearbox, saying “now apparently… like, I know we definitely 
need those … that side of the bearing housing and this side of 
the bearing housing, because that’s where everything is…” 
pointing on either side of the main wheel, and Nathan says 
“uh-huh”, and Rob says “and this end is gonna be a closed end 
anyway so that doesn’t need it”, pointing at the bottom of the 
drawing.] 
Rob has pointed out that the exposed sides of the two bearing 
housings will need seals to keep out the dust (“because that’s 
where everything is”) but that the bearing housing they’re 
talking about (at the bottom of the drawing) won’t need a seal on the other side because it is a ‘dead end’. 
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[#E30 (continued) 
Nathan says “aahh… what holds the grease in the bearing then?” and Rob replies “the bearing will be 
sealed…closed on the other side of this”, pointing to the closed end. Nathan says “oh are you using sealed… 
closed bearings are you?” and Rob wheels his chair over to 
where Nathan is holding the catalogue, and says “well… no… 
the housing will be closed… see you can have the… this side 
fully closed if you want… because the shaft doesn’t penetrate 
through it … the shaft stops there”, pointing first at the 
schematic Nathan is holding, then gesturing to illustrate what 
he means. Nathan says “oh, OK… OK… aahh… but the grease 
has got to get out somehow…”, and Rob responds “well… it 
goes out through the… side, only the one side where it seals, 
doesn’t it?” Nathan says “I guess so… cause normally…” and Rob responds “it comes out where the seal is” 
and Nathan says “yeah… it’ll have to… cause you’ve just gotta purge all the old grease out of it.”.] 
Here, Rob has told Nathan that the bearing won’t need a seal because it is “fully closed”, and Nathan raises a 
concern that the old grease won’t be able to “get out”. As fresh grease is added to the bearing, it has to 
“purge” or replace the existing grease. 
[#E31 
Rob says “yeah…”, and Nathan continues “OK yep, but it’s 
gotta, it’s gotta actually move through the bearing, though, so 
it’s gotta come through the one side where the grease nipple 
is, move through the bearing and then out through the seal, 
you can’t have it go… on one side of the bearing, you know 
what I mean? You can’t have it going in the grease nipple and 
coming straight out the seal, it’s gotta actually move through 
the bearing.” 
#E32 
Rob by this stage has rolled over and is looking at the bearing 
schematic that Nathan is holding, and he says “oh OK, well 
they don’t actually show these ones but it … um… being 
closed but in this one you’ve got the option of having it 
closed, and the same with all these ones, closed at either end, I 
didn’t actually check that you could with these, or we could 
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just put an ordinary seal on this side”, as they both flick back and forth across different pages showing 
various bearing types.] 
Here, Rob confesses that he may have mistakenly assumed that the bearing he has chosen can be closed at 
one end, like the others he looked at. 
[#E33 
Rob wheels his chair back over to the whiteboard and points 
at various points on the schematic, saying says “my other 
question was … do we need… one of these LS TAC seals”, 
pointing on the seal schematic then up at the line drawing as 
he continues “… on this other side, where basically you’ve got 
it enclosed… between the gearbox and your ahh… your tubed 
hollow section, so basically you shouldn’t be getting any dust 
through the… through where it’s bolted to the flanges… so 
you may not need quite as good seals on this end of the 
bearing housing.”] 
Here, Rob is speculating whether a good seal would be needed 
on the “unexposed” end of the other bearing housing, shown 
further up the drawing. That side of the bearing housing is 
fully enclosed within the machine, so won’t necessarily need 
such a good seal. 
[#E34 
Nathan says “you could seal that with an O-ring there if you 
wanted to,” and Rob looks at the seal sheet he’s holding and 
responds “well they’ve got felt seals… umm… can’t get the z 
seals that high…” Nathan says “I don’t think anything could 
get in there anyway, could it?”, and Rob wheels his chair over 
to Nathan and says “it’s a poor sealing option, it says, but 
that’s… just the felt seal is the standard seal…”  and starts 
reading text off the seal page as he scans across the lines with 
the tip of his pen, “standard sealing in all conditions limiting 
speeds three to four metres per second … that’s another 
option”.  
Things to Think With 
 196  
#E35  
Nathan says “oh no, is there any reason to seal that area? Doesn’t matter if that fills up with dust, does it?” 
and Rob replies “well you don’t want it coming into the bearing housing.” Nathan says “uhh no but you’ve 
got a seal on that, haven’t you?”. Rob says “what, in the middle of the flanges?” Nathan says “yeah” Rob 
pauses for a few seconds, looking at the schematic stuck on the 
whiteboard, and says “um… I haven’t put anything in there 
yet, but I guess you could use some kind of gasket…” and 
Nathan says “yeah, well an o-ring or a gasket or… something, 
if you want to, but then … that makes the joint… a gasket will 
make it flexible, whereas an o-ring won’t”. Rob says “well do 
we even need to bother about sealing that?” and Nathan says 
“yeah well that’s what I’m thinking – I wouldn’t possibly even 
bother… as long as the bearing housing is completely 
sealed….” Rob wheels over to the whiteboard and points on 
the line drawing, saying “well… yeah, well I wasn’t going to seal these surfaces at all” pointing at the join 
between the gearbox and circular hollow section, “… I was just wondering what kind of seal I would put on 
this side of the bearing housing…” pointing further down. He continues, “Do I need the felt seal, or the TAC 
seal?” He uses his pen to point between the schematics of the two seals on the seal sheet.] 
Here, Nathan and Rob talk in circles a little – they discuss two possible ways to “seal” the bearing housing 
they’re talking about. One way is to put an O-ring or gasket between the gearbox and circular hollow 
section, to prevent any dust from getting inside the machine in the first place. The other way is just to put a 
seal on the sensitive bearing housing itself, leaving the other internals of the machine more exposed. 
#E35 (continued) 
Nathan says “yeah ohhh I’d go the TAC seal, or… something 
decent… for the sake of the seal I think it’s a good… option.” 
Rob says “cause that’s the way I’ve drawn it up… with a seal 
on both sides, but then I thought do I need it on the other 
side?... and that one” pointing with his piece of paper at the 
bottom bearing housing “I’ve gotta find out whether it’s…” 
and Michelle says “whether it can be closed” as Rob wheels 
back to Nathan as he continues saying “whether it can be 
closed at that end… or whether we want it open, and if so I 
  Chapter 8 – Shared artefacts, shared context, shared use 
 197 
just have to make the shaft longer… so it just sticks out there… it says hi! Here I am! Spin, spin, spin!” 
Nathan says “oh no, as long as the grease can flow through the bearing, you’re probably better off having a 
closed end, aren’t you?” 
#E36 
Rob gestures as he says “yeah I’d rather have a closed end 
because if it is open, you’ve have a bit of shaft sticking out 
which would be spinning, which someone could actually 
touch.” And Nathan says “yeah, well that’s not very good” and 
Rob smiles at him and says “no”, shaking his head. Nathan 
points at the bearing schematic and says “I assume that is the 
grease port … as long as you can get flow… as long as you can 
get flow actually through the bearing somehow…” and Rob 
peers at the schematic and asks “is there a note for n 
somewhere?” . Nathan says “no, it’s just a thread, so it just 
can’t go anywhere… it’s not a flange, so it must be… a grease 
passage….”. He points more sharply at the diagram and traces 
his finger around it as he says “but it depends what they’ve 
done in here… like, whether, see that step in there? whether 
grease will actually flow round through here and then back 
through this way or … whether the flow will just take the 
quickest path out through the… shaft” Nathan looks up from the book and says “we could probably put in 
our own… grease passage anyway … drill our own… block the original one and drill our own.”  
#E37  
Rob says “yeah cause that one’ll be inside the structure and 
it’ll be hard to connect anything to… you’re better to connect 
to…” and he pauses for a couple of seconds and looks over at 
the schematics hanging off the whiteboard. He continues 
“aahh… see which way it goes on… yeah that’s closed, you 
want to be able to put something there.” Nathan speaks at the 
same time, saying “yeah well I mean if that’s closed, they’ll 
just put something there… do that.”] 
Here, the conversation has turned back to the ‘closed’ bearing at the bottom of the drawing, and whether 
new grease will actually flow through the bearing and purge out the old grease, or just leak directly out the 
seal. Nathan suggests they create their own grease passage for the bearing, and after checking the 
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orientation of the bearing on the assembly schematic, Rob realises that drilling their own grease path on the 
bearing will also make it accessible from the outside of the machine, solving their access problem. The ‘they’ 
Nathan refers to is the contractor who will actually build the machine they are designing. 
[#E38 
Nathan asks “and on the other side? Is that the same?”, and Rob answers “well it’s open on both ends on the 
other side… ummm… but that’s the more outward… bit” pointing to a spot on the bearing schematic. He 
continues as he looks over towards the schematics on the 
whiteboard “again it may be hard to get to… you may have to 
put a hole somewhere at the ahh… cause it’s all enclosed 
inside your… your… circular hollow tube.” Nathan says “you 
might have to…”  and Rob jokes “might have to whack grease 
in that whole area!” as he wheels back to look at the other 
schematics. 
#E39  
Nathan asks “can you access that from the outside?” and Rob 
answers “You could… depending on how… see if you make 
that… are the grease lines basically steel tube, to connect up? 
Or are they flexible… poly tube?” Nathan says “well it can be 
anything… can be flexible, but it’s gonna wear out or be 
severed easily.” Rob mimes connecting the grease lines as he 
says “I think if it’s poly tube then you should… you know, 
line it up, bring it down over it and get in there and connect it 
up before you put it fully in place.” Nathan gestures as he says 
“well ultimately what I was thinking was … I mean there’s 
grease lines on the original boom, you run solid steel tubing 
down the inside of the boom… you’d have flexible obviously 
each joint, and then the same at the quick coupling, you’ll 
have, it’ll come to two, to a flexible coupling over to your 
attachment, then it’ll go back to solid steel through your 
box… your forks structure, then out to flexible out at the 
ends… somehow… it’ll run along the side of your two hydraulic lines”]
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Here, Nathan has asked about getting access to connect the grease lines on the bearing housing that’s fully 
enclosed within the machine. Rob jokes that you could just fill the machine up with grease, but suggests 
that they could use flexible tubing and connect the lines to the internal bearing housing during assembly. 
The “original boom” Nathan refers to is the boom arm that has been taken off the earthmoving vehicle to 
make way for the specialised boom the Emco engineers are designing. It seems that the existence of a 
working machine has persuasive power for Nathan – if an existing product employs solid grease lines, then 
that is an option worth considering. 
[#E40  
Rob says “you could run it… inside your tube or outside …the 
ones on that machine are actually on the outside of the tube, I 
think.” Nathan says “oh, yeah, I’d put it on the inside…”. 
Michelle says “do they break? Do they break, like… if it’s on 
the inside…” Rob says “makes it harder to get to if you have 
to repair them…” 
#E41 
Nathan says “how are they going to break if they’re solid steel?” and Rob says “vibration… crack, I dunno”. 
Nathan says “well I guess you could weld them, tack them on the outside…” and Robs says “I think they’d 
be more likely to break on the outside” and Nathan laughs and says “oh well, put them on the inside!” 
#E42  
Nathan continues “I was envisaging having some access ports anyway … inside the machine… so you might 
have… might have a way of accessing it… mmmm but I’d use two decent seals on there and I wouldn’t 
worry about sealing the steel tube. It’ll be reasonably well protected, won’t it?’ and Rob says “yeah”.] 
Here, the issue of connecting the grease lines to the internal bearing housing is tentatively resolved by 
Nathan’s suggestion of adding ‘access ports’. In the end, they agree on using the ‘decent seals’ for the 
bearings and won’t bother putting an additional seal between the gearbox and circular hollow section (‘steel 
tube’) because it will be ‘reasonably well protected’ from dust. 
In the above excerpt from the engineers’ meeting, we see the discussion range over a number of 
interconnected issues, but importantly, the issues are only connected by the engineers themselves through 
their explorations. Nathan’s initial question, “where’s the grease line coming into for your bearing housing?” 
ultimately leads the engineers to the question of whether the solid steel grease lines should run through the 
inside of the main boom (where they will be protected) or along the outside (where they will be easy to 
repair). The two issues are neatly linked on some functional level - grease coming into the bearing housing 
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has to be supplied by some means - but the second question only appears to follow on logically from the first 
with the benefit of hindsight. It is doubtful that the engineers could have predicted that the conversation 
would unfold as it did. Between the former and latter questions lies a meandering, discursive negotiation 
that has touched on the issues of adequately purging stale grease, seal choices and locations given the 
operating conditions, the safety of an exposed rotating shaft, making a custom modification to a bearing 
housing, access for connecting grease lines to the bearing housings, and the relative merits of rigid and 
flexible grease lines for supplying grease. 
There is little evidence for the existence of any predetermined, scripted ‘process’ or ‘method’ to the 
engineers’ activities. Minneman (1991) eschews the notion of a greater global structure to design 
interactions (such as an orderly design ‘process’), instead framing design as a local, contingent, moment-to-
moment activity. For Minneman, designing is not the “enactment of an underlying systematic 
process…from abstract specification to concrete artefact”, but rather is “a flexible, locally organised activity 
that occasionally exhibits recognizable structure at other levels of abstraction.” (Minneman, 1991, p. 154) 
Design in general, asserts Lanzara (1999, p. 334), isn't an orderly structured path, but is more about 
“recombinations of pre-existing components, small scale practical experiments, local readjustments and 
repairs, extemporaneous improvisations... ambiguities and discontinuities, and sometimes may even look 
like random erratic wanderings apparently leading nowhere.” 
Schön (1983, 1987, 1990, 1992) conceives this cycle as composed of four fundamental activities – naming 
framing, moving and reflecting. “This process spirals through stages of appreciation, action and re-
appreciation. The unique and uncertain situation comes to be understood through the attempt to change it, 
and changed through the attempt to understand it.” (Schön, 1987, p. 132) Similarly, Glock (2003, p. 223) 
articulates how “… designers seek to come to a (shared) understanding or framing of a situation, which sets 
up perspectives for interpretations of goals and constraints.” 
At the same time as they work to establish a shared frame for the situation, the engineers at Emco can be 
seen to ‘spar’ with new ideas in an ongoing progression of collaborative speculation and criticism - what has 
been called ‘counterfactualism’ (Lewis, 2001, cited in Bucciarelli, 2002). Rob, for example, going through the 
various types of seals available, floats the idea of using an unlubricated seal, and Nathan quickly replies that 
he thinks a lubricated seal would be useful because of the fine dust in the operating environment. This brief 
exchange is an example of the ‘collaborative, constructive criticism’ that underlies the entire excerpt. Later 
again, Nathan suggests they should run the steel grease lines down the inside of the main boom, but Rob and 
Michelle raise the issue of the grease lines being difficult to access, if they break, for example. Nathan then 
suggests they could be welded on the outside, to which Rob responds that they would be more likely to 
break on the outside, and Nathan finally laughs, ‘Oh well, put them on the inside!’ in mock exasperation.  
Hence design artefacts such as the line drawing pinned to the whiteboard can be seen as a means to gain 
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leverage from the other engineers by piquing their “appreciations”, in Schön’s (1987) terms. The engineers 
collectively lend their judgements, or appreciations, towards design ideas, and through this negotiation 
(which takes place around the artefacts) the design evolves and the engineers’ own design repertoires 
evolve. This progression isn’t necessarily made explicit in the engineers’ discussion. Speculations, arguments 
and counterarguments are hidden within the dialogue, disguised by the dance of conversational etiquette 
and not always manifested beyond the finer nuances of gaze, posture, timing and tone. The previous excerpt 
from the video was presented in such lengthy detail partly to demonstrate this point. Over time, the 
engineers can be seen to move fluidly and unproblematically from one issue to another, drawing on multiple 
artefacts, without necessarily explicitly ‘resolving’ or ‘deciding’ anything along the way. By the end (or 
where I chose to end the excerpt), Nathan says “I’d use two decent seals on there and I wouldn’t worry 
about sealing the steel tube.” The engineers have come to an agreement about how the design should 
proceed from here, and importantly, the artefacts themselves have provided the resources that enable this 
collaborative, constructive criticism to take place.  
Minneman (1991) and Henderson (1991), among others, see designers’ social interactions as the foundation 
to generating a shared understanding of the situation – it is only through social interaction that design work 
gets done. Goldschmidt (1996) showed that even ‘individual’ design activity can show characteristics of team 
design work. To support this collaborative, social interaction, the artefacts are necessarily concrete and 
tangible. As we have already seen in Section 7.2, the interactions around artefacts are highly indexical, and a 
shared referent must physically exist to be useful in this way. 
The conversation around the bearings, seals and lubrications is about designing the machine, but in the 
process, the engineers are reading about and discussing what needs sealing, how it can be done, and the 
issues involved with seals and bearings, such as changing the grease. The engineers are building their 
‘hardware repertoires’ through designing the machine (Brereton 1998).  
When a designer adds a component to their design repertoire they develop knowledge of 
the characteristics and limits of its behavior in a context of use. They develop this 
knowledge through attempting to integrate the component into a design, with a design goal 
in mind. The knowledge that results from this attempt then forms part of the repertoire on 
which they draw in future design projects. (Brereton, 1998, p. 99, original emphasis) 
Schön (1994, 1990) discusses the concept of ‘repertoire’ in architectural practice. As he states it,  
Designing…is seen, for the most part, as a social process in which different designers frame 
the situation in different ways and learn, when they are successful, to talk across divergent 
frames. The idea of a designer's repertoire of types, images, and metaphors plays a central 
role on this perspective... (Schön, 1990, p. 139) 
In summary, we see here that the engineers weave together threads of establishing a shared framing of a 
situation, seeking validation of their work through prompting criticism, and sparring with new ideas, all the 
Things to Think With 
 202  
while building their individual hardware repertoires and leveraging off the experience and judgement of 
those around them through the use of publicly available artefacts. Artefact-mediated collaborative criticism 
acts as a vehicle for evolution of the design. 
Taking collaborative, constructive criticism through artefacts as an interpretation of these engineers’ 
activities, the next section asks how it is that the engineers are able to make enough sense of the maelstrom 
of artefacts to critique the design in the first place. 
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8.2 -  Language about  design 
To be able to collaborate effectively around an artefact, the engineers at Emco have to negotiate the 
meaning of the artefacts they use, which, as we have seen, is not always a trivial exercise. The artefacts are 
very complex representations of what are (or will be) very complex ‘things’. The engineers using highly 
specialised spoken, written and visual terms, which have been partly inherited through their engineering 
training, and partly developed locally, evolving over the course of the project and over past projects. Claxton 
(1997) makes the point that our language is intimately tied to culture:  
Language is not only the internal code in which knowledge is inscribed; it also relies upon, 
and enshrines, a public system of categories.  A language represents a consensus about how 
the world is to be segmented, and thus determines heavily how things are categorised, 
talked about, and even perceived.  As we articulate our experience, so we have to pour what 
is intrinsically fluid and ill-defined into moulds that are more clear-cut, and not of our own 
making. (Claxton, 1997, p. 46) 
The following excerpt is an illustration of how the engineers’ design activity uses a ‘language’ that has 
characteristics of being both public and personal, shared and unique. The excerpt is drawn from when Rob 
is checking Michelle’s calculation model. He is in the process of explaining how to calculate the stresses in 
the tube itself, now that she has done the calculations for the weld, when he spots what he thinks is an 
anomaly in her weld calculations:  
[#D15 
As he keeps scrolling down the calculations page he says “so 
that’ll have the same loads going through it, and if you use 
all those exact same loads and just do a…”. He pauses and 
then says “why did you use I tube there?”, clicking on a term 
in the calculations to highlight it. Michelle replies “I just did 
M Y on I, it’s supposed to be J but…” and Rob interrupts 
“but this is not the tube… you’re still doing calculations for 
the … weld”. Michelle says “oh, I just call it tube to 
distinguish it from the other … it’s just cause I was doing it 
at the tube”. Rob says “so I tube is actually … I of the weld?” 
and Michelle says “well.. I of the weld tube”, to which Rob 
responds, “well, J actually, just to confuse me”, rolls his head 
and laughs. 
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#D16  
He says “I was going to say you can do the same calculations for the tube but it won’t make any difference 
because your stress is going to be smaller, because its thickness is greater than that’, moving the line drawing 
in front of him and pointing with his little finger at part of the drawing. He continues, “So you can calculate 
the J of this circular hollow section, just to distinguish it from the tube, and the I of the circular hollow 
section, and you can use the same loads to get the stress, but it’s going to be less, so we don’t have to do it 
just now.”] 
Here, Rob is immediately able to spot an abnormality in the calculations, stopping mid-sentence to draw 
attention to it. Michelle has used the term Itube in calculating the torsional stress in the weld. Rob pulls her 
up on it, and she says, “…it’s supposed to be J, but... .” A standard interpretation of the term ‘I’ in 
mechanical engineering is the ‘Moment of Inertia’, crudely speaking a measure of an object’s propensity to 
rotate (or not) in free space around a given axis. In calculating internal stresses in bodies, the ‘Moment of 
Inertia’, ‘I’ is used as measure of a given cross-section’s ability to withstand bending stresses. The term one 
would use to calculate torsional stress is actually ‘J’, the ‘Polar Moment of Inertia’. Hence her admission that 
“… it’s supposed to be J” could be seen as pre-empting the criticism that she’s using I instead of J. What Rob 
is actually questioning is her use of the subscript ‘tube’ in Itube. Rob says, “This is not the tube… you’re still 
doing calculations for the… weld.” In other words, he thinks she has chosen an inappropriate name for the 
term in the calculations – why call it the tube when the term refers to the weld? She defends her choice, 
and at that point Rob also emphasises that the part is a ‘circular hollow section’ rather than a tube. 
Three points to note are firstly, that Rob and Michelle share a mutual understanding of the meanings and 
legitimate deployment of the terms (and concepts) ‘I’ and ‘J’ in the calculations, an inheritance from their 
engineering education and practice. This is not only a prerequisite for their discussion but a prerequisite for 
participation in the engineering community of practice (Wenger, 1998). Secondly, the brief confrontation 
between the two engineers over the choice of subscript for the ‘I’ highlights the regulation and policing that 
the engineers undertake to ensure intelligibility, robustness and legal validity18 of their shared work. Lastly, 
Rob’s emphasis on the term ‘circular hollow section’ over ‘tube’ highlights the developmental nature of the 
language the engineers use to talk about the design. Rob seems to be trying to establish the term ‘circular 
hollow section’ as a standard within the group, although Rob later wavers between calling that same part a 
‘tubed hollow section’ (#E33) a ‘circular hollow section’ (#E35) and a ‘circular hollow tube’ (#E38), and as 
we saw in the prior excerpt (#E42), Nathan calls it a ‘steel tube’. 
                                                          
18 The engineers at Emco are particularly diligent in dating and filing their notes, possibly because their 
consulting work also involves patenting novel technologies. 
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The engineers’ language will never actually reach some kind of lexical ‘equilibrium’ - design language is 
alive and can be seen to evolve over the lifetime of a project (Mabogunje, 1994, 1997). The dynamic, ever-
shifting nature of the language becomes clearer when we consider engineering drawings and other artefacts 
to be ‘language about design’ (Andreasen, 1994; Bucciarelli, 2002; Henderson, 1995, 1999; Schön, 1983):  
In the process of design, in the hectic, energetic give and take, decision making and 
iteration, negotiation and trade off, [artifacts] are active linguistic elements of a living 
language – shaped, specialized, reformed, extended, provoking new thought, confirming 
conjecture. (Bucciarelli, 2002, p. 231). 
The point here, though, is not that the engineers rely completely on a common working language (as we’ve 
seen, they don’t), but rather that their situated practice, combining indexical speech, gesture and artefacts, 
enables their communication, collaboration, and negotiation of meaning in spite of  the lack of a universal 
design lexicon. The contextual cues emerging through interaction provide the engineers with the resources 
to ‘get by’ despite their different use of language. For example, while the component of interest is named 
variously ‘tube’, ‘circular hollow section’, ‘tubed hollow section’, ‘circular hollow tube’, and ‘steel tube’, the 
engineers are able to make sense of the discussion in context, often through reference (pointing, gesturing, 
looking) to the artefacts around them. 
Not only language, but our very understanding of how and what we communicate are culturally grounded – 
our reality is the negotiated product of social systems (Berger & Luckman, 1967), or, conversely, the social 
activity of designing can be conceived as the construction of reality (Floyd, 1992). Schön (1992), drawing on 
Goodman (1978) also draws attention to how designers ‘construct reality’: 
Designers are, in Nelson Goodman’s term, worldmakers. Not only do they construct the 
meanings of their situations, materials and messages, but also the ontologies on which these 
meanings depend. Every procedure, and every problem formulation, depends on such an 
ontology: a construction of the totality of things and relationships that the designer takes as 
the reality of the world in which he or she designs. (Schön, 1992, p. 9) 
Bucciarelli (1994, p. 122) introduces the concept of a “rhetoric of objects” to describe that which is implicit 
between collaborating engineering designers – a “web of tacit understandings of what is considered to be an 
honorable claim, a significant conjecture, a valid proof or a laughing matter. It is an accepted rhetoric for 
describing, proposing, critiquing and disposing.”  
The collaborative achievement of understanding the artefact, then, is partly in the (almost) shared language 
used to talk about the artefact and the design, partly in the implicit, culturally-embedded norms of what 
constitutes legitimate practice, and partly in the engineers’ indexical, situated interactions in a specific 
context. As we see in the next subsection though, successful integration of an artefact into collaborative 
design practice requires more than an understanding of an artefact – the engineers must also trust the 
artefact. 
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8.3 -  Trust ing the ar tefacts 
Prior discussion has detailed how artefacts are the substrate of engineering design activity, and for the 
engineers to collaborate effectively, these artefacts need to be shared effectively. This section presents a 
situation where the engineers were not able to share the use and further development of an artefact. 
Olsen, Hudson, Phelps, Heiner & Verratti (1998, p. 129) claim that essential prerequisites for collaborative 
work are “an ability to effectively communicate information, an ability to understand the actions of 
collaborators, and an ability to integrate work from others.” While Olsen et al are studying asynchronous 
work mediated through artefacts, the same prerequisites for effective collaborative work could be said to 
exist for the synchronous, collocated work that the engineers at Emco undertake. The following 
chronological series of excerpts tells a story about how the engineers struck an obstacle in their collective 
designing – a calculation model that didn’t ‘make sense’ - and traces their progress from the initial 
identification of the flawed calculation model towards an attempted resolution. The story highlights a case 
where one of the engineers could not effectively “integrate work from others”. 
The first excerpt comes from the engineers’ first group meeting at the start of the day. Rob, Nathan, 
Michelle and François’ are standing around François’ desk and Rob is briefing Nathan on what has happened 
while he has been away. Rob describes how he did his own ‘free body diagram’ (a standard, often simple 
calculation to determine the forces acting in and on a body) of the main boom because he didn’t think 
Nathan’s calculation model was producing valid results: 
[#A3 (continued)  
Rob says, “…and we also did a free body diagram - we had 
problems with your …” and Nathan says “model” as Rob 
continues, “ … model, I couldn’t get it to give forces that I 
actually believed”, and they all laugh. Rob keeps talking as he 
points at the computer screen with the edge of the piece of 
paper he’s holding in his hand, “so I did a simple free body 
diagram with this just in that position but assuming it wasn't 
resting on the ground”, and Nathan says “mm-hmm” in 
acknowledgement. Rob continues, “…to do calculations on 
what the forces were in these pins” and Nathan says “oh 
yeah.” Rob says “and then also in there, we didn't worry about 
that.” Nathan asks “and they didn't match mine?” to which 
Rob replies “er…no. Yours were in weird directions. Yours 
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didn't even have the forces in line with the pins, Michelle was saying, and it can only be a direct tensile or 
compressive force through the aah … through the pins.”  
Nathan asks, “howww do you mean? cause they just  gives you 
an x-y force component…?” to which Rob replies “yeah but 
the x-y can only be in line with the hydraulic rams. That has 
to be a condition of your system...because a pin can't transmit 
anything else besides a tension or compression.” At the same 
time, Michelle reaches over to gesture on the screen, saying to 
Nathan “yeah well depends which way you have x and y – if 
you have that way and that way, it gives you that way.” 
Nathan makes a cross in the air with his two forefingers and 
says “Oh yeah but the x-y is global, so whatever force you get 
is the force that's acting through the pin, oh, you mean it 
wasn't acting in the direction of the ram?” and Rob says “Yeah 
that’s right.”  
Michelle gestures on the screen again, as she says “Well it 
depends which way your x-y was set up because you have 
positive x and positive y which gives you a resultant in that 
direction and the ram was in that direction.” Nathan says 
“yeah but they don't change direction: y is always up and x is 
always that way”, gesturing with his forefinger to indicate the 
directions. Michelle says “yeah so your resultant isn’t… in the 
right direction. We’ve just got to have a look at it and … work 
some magic,” and laughs. Nathan says “that’s weird” and 
Michelle says “I dunno.”] 
The engineers are ultimately interested in the magnitudes of these forces so they can design appropriate 
structures to withstand them, but Rob doesn’t trust the model because the forces aren’t acting in the right 
directions – “I couldn’t get it to give forces that I actually believed”. Michelle and Rob articulate to Nathan 
why his model couldn’t be correct – it doesn’t have “the forces in line with the pins… and it can only be a 
direct tensile or compressive force through the… pins”. Michelle and Rob have noticed that Nathan’s 
calculation model is producing values for forces in the “pivot points” of the main boom that are inconsistent 
with the laws of physics. The main boom is treated in the calculations as a “pin-jointed structure”, which 
has particular implications for the types of forces that should be generated within the structure. Nathan’s 
calculation model should produce forces that act along the axes of the beams (e.g., the hydraulic rams) in the 
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structure – “direct tensile or compressive forces” – but instead the forces in his calculation model are “in 
weird directions.”  
Later, Nathan and Michelle “go through” his calculations using Michelle’s computer. In the process, he 
explains how “You’ve got to do some initial guesses for the forces you don’t need, then all we’re doing is 
solving a set of equations…”: 
[#F12  
Nathan reaches over and scrolls with the wheel on the mouse, 
saying “Now… force calculations.” Michelle says “those need 
to be changed from … they were all just negative… they were 
giving the wrong forces so…I think some things went wrong” 
and laughs, and Nathan says “yep, that’s OK…umm they’re 
obviously in x y directions… aahhh so they’ve got to be acting 
in the right direction.” He scrolls down with the mouse and 
says “You’ve got to do some initial guesses for the forces you 
don’t need, then all we’re doing is solving a set of equations, so 
you’re solving … umm the first thing you’re doing is you’re 
solving… now, I checked this as much as I could but there’s 
possibly a mistake in there somewhere” He’s using his right 
index finger vertically to point at the calculations on the 
computer screen, and Michelle says “so sum forces equals zero” 
and Nathan says “yeah sum of forces equals zero… now these 
things here” picking up a pen in his right hand and using it to point at the screen “these are your direction 
vectors, you know, your unit vectors? Remember that?” and Michelle says “oh… yeah..?” and laughs.] 
Further on, Rob joins in the discussion, standing behind Michelle’s chair. Nathan and Michelle start to 
examine more closely the directions of the forces being produced in the model, for example the force ‘FB’: 
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[#G7  
Nathan says “so the main boom… if we sum all the forces, FB 
is actually the positive FB direction, is that right? The way 
we’ve defined that?” Michelle says “which way’s that?” and 
Nathan says “well, whichever way that is, so FB is acting… 
down and out”, gesturing in the directions he means. Michelle 
then says “that way and up”, pointing in different directions. 
She points up at a term on a screen and says “here, that’s FB, 
isn’t it?” and Nathan agrees and she uses her palms to indicate 
directions on the notebook, saying “that way, and that way, 
which is that way”, indicating a third direction between the 
two “so it’s acting that way...” as she traces she shape of an 
arrow on the paper with her fingertip four times. Nathan says 
“which is correct, so it’s acting in the right direction, so we 
don’t need a minus sign in here” pointing up at the screen.] 
Here, they are relating the values of the x and y components of 
the forces as shown on the screen to the directions that they represent on the main boom, as shown on the 
diagram on Michelle’s lap. They discuss the direction of this and other forces a little longer, and Nathan 
edits the calculations to attempt to correct a ‘wrong direction’: 
[#G11  
He types on the keyboard to edit the calculations, then says 
“see what that gives us’ and scrolls down the page, to where a 
number of boxes are highlighted in yellow. He takes a sip of 
his coffee and pauses for a few seconds, looking at the screen. 
#G12  
He points at one of the yellow boxes containing “output” 
values on the screen and says “so FB is now negative negative” 
and looks over at Michelle, who gestures on the diagram and 
says “FB is now acting in… that way” and she traces with her 
finger first a vertical line, then a horizontal line and a diagonal line representing the resultant force vector. 
At the same time, François, sitting next to Michelle, is pointing in the same direction with his finger. 
Michelle continues “How does that work?” Rob says “they’ve got to be opposite signs – one has to be 
negative and one has to be positive.”] 
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Here, Rob has pointed out that these new force values are still acting in the wrong directions. A little later, 
Rob, sitting back on Francois’ desk, speculates that there might be an easier way to set up the calculation 
model. The next excerpts illustrate how Rob and Nathan differentiate and debate two approaches to 
calculating the forces. Nathan is an advocate of his own model, which uses a ‘Find’ operation. Here, the 
author (i.e. Nathan) makes an initial ‘guess’ of what the forces will be, then the calculations iteratively ‘hone 
in’ on the solution for the ‘four unknown forces’. This is often called a ‘numerical’ approach, and as Nathan 
later says, “it’s a bit more temperamental, but it’s supposed to be a more accurate answer.” Rob advocates a 
different approach. He believes, based on a similar calculation model he’s developed in the past, that there is 
an approach that is “a hell of a lot easier.” Instead of simultaneously solving for four unknown forces, Rob 
approaches the problem “analytically” or “by hand” – he would start by solving for two of the unknowns, 
then uses those results to calculate the other two unknowns. Nathan then argues that his method solves for 
the four unknowns without having to do anything “by hand”, but as Rob points out, “it’s not working!” 
[#G16  
Rob says “hang on…” and Nathan says “what about… what 
forces are we actually applying to the… thing?” and Rob 
continues “I dunno if I’m missing something but um…. can’t 
this whole thing have been done a hell of a lot easier than… I 
don’t know what exactly you have done there, but…” Nathan 
laughs and says “not really!” Rob continues “I’m just thinking 
how I would have… well I just did a similar sort of thing for 
[name of previous project] and all I had to do was … I set it all 
up… didn’t have to use any… well I sort of used vectors but I 
just used x and y components as individual definitions… 
umm… put all the centres of mass on the vertical and put 
various bits and pieces in…” He gestures with his free hand as 
he’s speaking. 
#G17  
Nathan says “but it becomes pretty complicated when you’ve 
got two varying… you’ve got a varying geometry because your moments… your moment arms change as 
well as your forces” and Rob replies “yeah, I think… well I had to change that… so it was all set up so it just 
changed with an angle – it did it all in the program. This one may be a bit more complicated than I’m 
thinking it is” pointing to the screen “but um… all I had to do was put in the … change the angle around 
each time and I got different answers.”
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#G18  
Michelle leans forward and points at a spot on the screen and 
Nathan says “oh” and changes a value in the calculations. 
Nathan starts typing at the keyboard and says “OK so we’ve 
just got – we’re just holding this thing up in the air” and Rob 
says “because… can’t you… like there’s only …” Rob walks 
over to point at the diagram and says “you have to set these 
positions up … all you have to do is change that angle, and it 
will automatically recalculate whatever its centre of mass is… 
the only reaction that you really have to solve for is this one 
out here…” and Nathan says “yeah.”  
Rob continues “and … you can work it out at any position of 
this angle and any position of that angle” as he gestures the 
angles, “and then once you know that, you can just solve the 
internal ones in here… cause that’s the only one you really 
have to solve for, isn’t it? It’s the only one that acts on that 
structure? Cause C acts on a completely different structure… 
well it’s the same force anyway” 
#G19  
Nathan says “hmm” as he continues pointing at a yellow box 
on the screen. Rob says “… I just don’t know why you have to 
use a Find… type thing in it… is that what you’re using? A 
Find? You’re giving it initial guesses then getting it to solve? I 
just don’t know why you’re doing that” Nathan says “well you 
have to, because you’ve got …” and he taps the keyboard to 
scroll the screen up before he points at the four variables and 
continues saying “you’ve got aahh… four unknowns” Rob says 
“what are your four unknowns?” and Nathan replies “aah all 
your forces… essentially” and Rob says “yeah but show me 
where they are in the drawing…” and Michelle points at a 
couple of spots on the diagram as Rob continues saying “…cause I think there’s only one unknown initially, 
well actually there’s two unknowns.” 
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#G20  
Nathan says “ummm…” as he continues pointing at the screen while he turns his head to look down at the 
diagram, then looks back up to the screen. 
#G21  
Rob says “well show me the four unknowns are that you’re 
calculating” and Nathan points at the screen and replies “well 
it’s the… it’s the forces … it’s the force at that pin, which you 
could probably just do with a free body diagram, but to work 
that out, you’ve actually got to solve… you’ve got to solve two 
equations to get your two unknowns just for that free body 
diagram.” He’s gesturing around the plotted output of the 
equations on the computer screen .  
#G22  
Rob gestures down at the diagram and says “OK… so for 
that… for working out this force here, in any movement of 
any of this … there are only two unknowns, which are your x 
and y components of that. So you’ve got one reaction and 
those are related so there’s only one unknown for that.” 
#G23  
Nathan says “but …” and points down at the diagram and Rob 
continues as he gestures around the diagram, covering parts of 
the diagram with his hand “No matter what … say initially 
you don’t care about what’s happening there, because it’s all 
internal forces, you just want to know what this one is … all 
you have to do is solve for it, no matter what all angles you 
put these in… and you get that out… straight away… if you 
set up all your geometry right… for one unknown… and then 
you’ve got that… you’ve got one unknown there which is … this force, and one unknown there… and if 
you take the moments through that point, you’ve only got one unknown, which is that one.”] 
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#G27  
As Nathan keeps his hand on the diagram, Rob reaches in to 
point and says “well you’ve got two… like your reaction at O 
is unknown and your reaction at D is unknown, but you take 
moments around O so it disappears” and Nathan says “yeah 
OK, OK, well that’s your four unknowns I guess” and Rob says 
“and then you do the same thing here. So it can be done 
without needing a… Find” and Nathan says “it can be done 
without using a Find, yeah” as Rob continues “I think it would 
be a lot … simpler”. 
#G28  
Nathan says “well that’s cause you did it analytically” as Rob 
says “I don’t understand what you’ve done there, because it’s 
too…” Nathan says “well it’s doing … it’s basically solving…” 
as Rob says “it’s too complicated for me so I look for the easy 
way, that’s all!” and laughs, then Nathan gestures around the 
diagram as he replies “I mean it’s still solving for your four 
unknowns, it’s just doing it simultaneously, that’s all”  
#G29  
Michelle says “so you don’t have to do anything by hand” and then Nathan says “there’s no analytical… 
yeah there’s no analytical component of it…”  Rob says “but it’s not working” and everyone laughs. 
#G30  
Nathan says “aaah” and looks at the computer screen, and Rob 
says “and it looks like a very complicated way to… to get it… 
to me.” Nathan says “yeah, well, yeah… there’s a … a bug in 
there somewhere”, then after a pause Rob says “so my 
suggestion is … we start again” and laughs, “… cause I bet we 
could do it faster… starting again… than trying to find what 
the problem is.”] 
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[#G33  
Nathan says “probably will be faster… if we can’t figure this out” as he types on the keyboard, and Rob says 
“uh-huh, I’ll race ya!” and laughs. Michelle says “ready…” and Nathan says “go! – OK, there’s the answer…” 
and they all laugh. Rob jokes as he moves back to his desk “OK I’ll just walk back to my seat slowly… just 
ah… but I’ll need some music to… get me into the maths…”] 
Here, Rob has challenged Michelle and Nathan to a friendly competition to develop a robust calculation 
model. The remaining excerpts briefly show Nathan and Michelle reaching what they think is the finish 
line: 
[#G36  
Michelle says “B looks good…D… negative negative” and Rob calls out “are you getting there? Winning the 
race? We haven’t even started yet”  
#G37  
Michelle laughs and looks at the screen and says … “negative 
x” and Nathan throws up his hands and cries “aaah” in mock 
celebration. He says “the only thing is you’ve got to…” and 
Rob says “it works? It is? Are you sure now?”. Michelle says 
“think it’s miles better… oh hang on” and Nathan types on the 
keyboard and says “I’m trying to use a Find statement – it’s a 
bit more temperamental, but it’s supposed to be a more 
accurate answer …”] 
[#G40  
Nathan gets up out of his chair and says “I’m done.” Rob says 
“you’re done? Does yours work? Are you sure” and Michelle 
says “yep, hopefully. Do you want to compare your forces 
with the ones you and François calculated the other day?” Rob 
says “bloody oath!” and they both laugh. He’s standing at the 
desk and leaning over to use the mouse and keyboard, and he says “I’m just copying your MathCAD files 
across.”] 
The above excerpts show how Nathan’s troublesome model eventually leads Rob to argue for a different 
approach to the calculations. Nathan’s approach and Rob’s approach to creating a calculation model of the 
design diverge. Why is this interesting? The story shows how the engineers not only negotiate the language 
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in which they develop the design, and negotiate the design itself, but they negotiate their very approach to 
designing. For Rob to confidently use the results of Nathan’s calculation model to support his own work, he 
has to trust Nathan’s model. This is not just a case of knowing that the model produces valid results: to trust 
the artefact, he has to share understanding of the artefact. This is an obstacle based not on language, but on 
process. 
Wenger (1998) talks about the necessity of a ‘shared repertoire’ between participants in a community of 
practice. Such a repertoire includes language, heuristics, stories, tools, concepts, and so on – anything that 
the community has adapted into their way of working through practice. Engeström’s (1987) wider 
conception of Activity Theory also highlights how the shared views and practices of the subject’s 
community informs and guides their activity. In a similar vein, Schön and Wiggins (1992) propose that 
design communities can be defined in terms of having similar appreciations. Communities of practice 
establish boundaries through their ongoing domain-specific engagement, which create discontinuities 
between participants and non-participants (Wenger, 1998). Such a discontinuity seems to be evident in 
Nathan’s and Rob’s divergent approaches to modelling, suggesting that the engineers at Emco constitute 
what Arias and Fischer (2000) (also Arias, 1996) call a Community of Interest (CoI), as distinct from 
Wenger’s Community of Practice (CoP). Communities of Interest (CoIs) are defined by a shared interest 
rather than shared experience or expertise. Communities of Interest may span domain boundaries, hence 
members of CoIs “need to learn to communicate with and learn from others who have a different 
perspective and perhaps a different vocabulary for describing their ideas and establish a common ground 
and a shared understanding” (Arias and Fischer, 2000, p. 2). 
The idea of an artefact as a resource for sharing understanding across boundaries was first elaborated by Star 
(1989). From an AI perspective, Star argued that distributed artificial intelligence should be based on the 
metaphor of collaborative social achievement rather than a psychological metaphor. Open systems deal with 
information that is distributed, decentralised, and heterogenous: “different locales have different knowledge 
sources, viewpoints, and means of accomplishing tasks based on local contingencies and constraints.” (Star, 
1989, p. 45)  She takes the scientific community as a good example of an open system, firstly because 
scientists are able to cooperate without having good models of each other's work. Secondly, scientists work 
together while employing different units of analysis, methods of aggregating data, and different abstractions 
of data. Finally, scientists are able to cooperate while having different goals, time horizons, and audiences to 
satisfy. 
She introduces the concept of boundary objects to describe the resources that the scientific community 
creates and uses to negotiate mutual understanding across differing viewpoints. A boundary object is “...both 
plastic enough to adapt to local needs and constraints of the several parties employing them, yet robust 
enough to maintain a common identity across sites ... [it] sits in the middle of a group of actors with 
divergent viewpoints.” (Star, 1989, p. 46). This concept now has a number of analogues, such as Bucciarelli’s 
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(1994) ‘object worlds’ and Vinck and Jeantet’s (1995) ‘intermediary objects’. Fitzpatrick (2000) raises an 
alternative to ‘boundaries’ in proposing a metaphor of centres and peripheries, building on Strauss’ (1978, 
1993) suggestion that peripheries evoke more appropriate impressions of the fluidity of boundaries in social 
worlds. In the case of Rob being reluctant to inherit Nathan’s model, we can see that the two engineers can’t 
agree on the ‘best’ way to undertake the calculations. As it stands, Nathan’s calculation model fails as a 
‘boundary object’. 
The last excerpt above saw Nathan and Michelle get to a point in the model where it now seems internally 
consistent (#G39). The directions of the forces in the calculation model are now acting in the right 
directions (e.g., “negative x, negative y”). However, when Rob copies the model across to the computer he’s 
working on and compares their model to his earlier ‘free body diagram’, there is a strange discrepancy. The 
force under scrutiny has certain values for the x- and y-components, and the model that Michelle and 
Nathan have been working on has the x and y values ‘swapped’ in comparison to Rob’s. Nathan and 
Michelle’s joy may have been premature – while the forces are roughly in the right directions, the model is 
still not quite right, to their clear frustration. 
The engineers’ threads of activity diverge here as Rob sets about developing his calculation model 
independently of Nathan and Michelle, who remain determined to debug the existing model. Over the 
remainder of the day, Nathan and Michelle continue to develop their calculations, from time to time 
comparing their results with Rob’s simple ‘free body diagram’ and his more complex, developing ‘analytic’ 
model. 
This field data illustrates that the means through which the engineers come to understand the design has to 
be shared just as much as the ‘language’ and artefacts do. An understanding and endorsement of how the 
artefact was created is important for the engineers. They are not happy to unquestioningly use others’ 
artefacts to support their own work – they need to share trust in the artefacts as much as they need to be 
able to negotiate the meaning of those artefacts. By using Nathan’s artefact critically, the other engineers 
were able to initially identify an error. Nathan and Michelle worked towards improving the artefact, but 
Rob, unwilling to use the same approach, splinters off to develop his own force calculations independently. 
The contribution of a given artefact depends not only on the properties of that artefact, but on how it is 
understood to have been created and developed in the wider design practice. 
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8.4 -  The spat ia l i ty  of  ar tefacts 
Engineers use their bodies to design. They interact and communicate around artefacts, using their fingers 
and hands to point out and trace features, to act as markers or placeholders to support thinking and 
communication, to gesture in space and so on. The engineers move freely around the office, holding 
impromptu discussions at a whiteboard, around a product catalogue or at someone’s computer. The artefacts 
themselves are mobile, moving physically and digitally throughout the design environment and beyond its 
walls.  
The physical properties of artefacts play a significant role in how they are used, as pointed out by Dix, 
Wilkinson and Ramduny (1998), Kirsh (2001), Minneman (1991), Rouncefield, Hughes, Rodden and Viller 
(1994), Sellen and Harper (1997), and Suchman and Trigg (1991), among others. This dissertation has further 
presented other research that deals with the social aspects of use of artefacts. However, there is little prior 
work that brings the spatial and social perspectives together. A rare exception is in situated approaches, 
which aim to “explicate the relationship between structures of action and resources on the one hand and 
constraints afforded by physical and social circumstances on the other” (Suchman, 1987, p. 179). The 
foregoing examples in this thesis demonstrate that in a real engineering design context, the physical and 
social dimensions of artefact use are inseparable. This final segment of this discussion investigates the 
relationship between physical and social dimensions of the engineers’ interactions with artefacts. 
The engineers’ second group meeting is a fertile starting point for such an investigation. As Section 8.1 
outlines, the engineers negotiate a number of issues, and engage a range of artefacts to support their 
explorations. Much of the previous field data has been presented in fleshed-out vignettes, the following data 
is ‘compressed’ into a series of chronologically-ordered micro-segments of interaction, with the full 
transcripts still available in the Appendix. This format firstly enables a more concise and meaningful 
description of interactions that span long periods of the engineers’ activity. It avoids needless repetition, as 
the ‘threads’ of activity represented here have already been discussed in detail. It also allows us to focus on 
transitions in artefact use rather than take a moment-to-moment analysis as in prior discussion. 
The meeting starts with Rob explaining the concept of the ‘head’ of the wheel attachment:  
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Rob explains the design to 
the others, using two line 
drawings: the top view and 
front view. 
 
Then he wheels his chair 
over and sticks them on the 
whiteboard with sticky 
tape… 
 
… and talks and gestures 
around them as he continues 
his explanation. 
 
Nathan asks a question about 
the bearings, and so Rob 
grabs the bearing catalogue 
off the shelves to help 
answer the question, and 
searches for the right page… 
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…then hands the catalogue 
over to Nathan. 
 
Rob grabs the seal schematics 
from his desk to further 
support the conversation, as 
Nathan inspects the bearing 
schematic in the catalogue. 
 
As the conversation turns to 
sealing, Rob wheels his chair 
over to point at the line 
drawings as he explains 
where the seals will need to 
go… 
 
…then wheels back towards 
the others … 
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… to show the range of seal 
types they could use. 
 
Nathan raises an issue about 
whether the grease can move 
through the bearing… 
 
… and then together Rob 
and Nathan interpret the 
bearing schematic and 
negotiate a solution. 
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The discussion turns to how 
the gearbox will be attached 
to the rest of the machine, 
and Rob grabs the gearbox 
schematic to take a closer 
look… 
 
 
… and they decide to modify 
the gearbox design, so 
Nathan draws in the changes 
on the line drawings… 
 
… and Rob makes a 
corresponding note on the 
gearbox schematic itself as 
the meeting draws to a close. 
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Here various artefacts in the design environment are seen to be fluidly conscripted into the design activity 
as required. As Nathan raises a question about bearings, Rob is able to grab the catalogue off the adjacent 
shelves, find the appropriate page himself, then physically hand the catalogue over to Nathan. Rob then 
grabs the seal schematic from his desk around the corner to further support the discussion, and as the 
discussion turns to the gearbox design, Rob fetches that schematic as well. 
The artefacts-in-use can be seen to roam around the physical environment as the negotiations unfold. They 
are itinerant, wandering from place to place without settling permanently. Clearly artefacts are themselves 
unable to literally manifest this degree of autonomy or agency, but taking a use-centred perspective better 
captures this mobile, dynamic element of artefacts-in-use in engineering design. 
Firstly, artefacts are moved from a peripheral area such as the bookshelves or Rob’s desk into the centre of 
the workspace as required. The bearing schematic, seal schematic and gearbox schematic are all moved 
between the centres and peripheries of activity during the course of the second group meeting. 
Secondly, artefacts are moved from a single person’s, focused, ‘show and tell’ interaction into a communal 
public space as a shared resource. This is evident as Rob finishes his explanation of the two line drawings 
and sticks them on the whiteboard as the discussion continues, finishing with Nathan walking over and 
annotating them. 
Thirdly, artefacts move from one person’s physical control to another’s. This is evident as Rob finds the 
relevant page in the bearing catalogue and hands it over to Nathan, with the discussion continuing around 
the catalogue sitting on Nathan’s lap. 
Lastly, artefacts are moved from one area of the workspace to another. Rob wheels over to the whiteboard 
to juxtapose the seal schematic he’s carrying with the line drawings stuck to the whiteboard, then carries 
the seal schematic back towards the others to show them more detail. 
The next excerpt is a compressed version of events that occurred after the second group meeting, later in the 
day. Nathan and Michelle are revisiting Nathan’s earlier calculation model, and Rob joins in the discussion 
with his own contribution: 
  Chapter 8 – Shared artefacts, shared context, shared use 
 223 
Nathan is trying, with Michelle’s help, 
to make sense of and explain his prior 
calculations, which are on the 
computer screen. Nathan starts 
sketching a diagram in Michelle’s 
notebook that graphically represents 
the main boom, with symbols 
representing the angles between 
members and arcs indicating how the 
members would rotate. As they read 
through the calculations displayed on 
the screen, Nathan annotates and adds 
to different parts of the diagram, at 
times crossing out terms when he 
realises he’s made a mistake. 
 
Michelle contributes to regenerating 
an understanding of Nathan’s 
calculations by suggesting 
interpretations and validating or 
criticising Nathan’s interpretation, 
gesturing around the diagram to 
support her arguments. 
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Rob approaches Nathan and Michelle, 
asking about their progress, and the 
engineers engage in a debate about the 
directions of the forces that the model 
should be producing. As Michelle 
explains the directions, she points to 
the values on the screen then gestures 
around the notebook she has shifted to 
her lap.  
 
Still standing behind Michelle, Rob 
says ‘well it should be pushing out that 
way’, gesturing with his pen on 
Michelle’s sketch of the main boom. 
This is a sketch she reproduced by 
hand from an earlier version that 
Nathan had drawn. 
 
 
Nathan asks ‘is that [force] D in the 
right direction?’ and Michelle leans 
forward to point at the screen as she 
says ‘which one? That top one?’ 
Nathan and Michelle both have the 
ability to point at the computer screen 
sitting on the desk in front of them.  
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Rob gestures around the notebook as 
he explains ‘well see D is… the beam 
D is going to be in tension, whereas… 
see this beam’s gonna be in 
compression and it’s pushing on it, and 
this one’s going to be in tension…’ 
 
Michelle gestures on the notebook as 
she explains where the forces are 
currently acting 
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Rob explains how he thinks the forces 
could be calculated differently, 
gesturing around the diagram as he 
explains… 
 
… then Nathan and Rob debate their 
two approaches, gesturing around the 
diagram to support their discussion. 
 
 
Again, as the collaborative work unfolds, the engineers exploit different artefacts within the workspace. 
Rob, Michelle and Nathan all gesture around the notebook sitting on Michelle’s lap as the debate unfolds – 
it becomes the centre of focus and a key resource for arguments on both sides.  
Here, the mobility of the notebook stands in contrast to the ‘anchored’ immobility of the computer screen. 
Initially, the notebook is used in close physical proximity to the computer screen, and is used as a resource 
for making sense of the calculations. As Rob joins in, the notebook is moved to allow him to gain physical 
access to it, which becomes essential for the ensuing conversation. The computer screen stays in a fixed, 
anchored location on the desktop. Nathan has easy access, and Michelle can lean forward with her arm 
outstretched to point at terms displayed on the screen. Neither Rob nor François (to Michelle’s right) can 
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physically touch that artefact, though they can point in its general direction. 
The excerpt illustrates how some artefacts are physically relocated and reoriented to better support 
collaboration through physical access, while others are fixed, and hence require the participants to move 
around them to facilitate access. Where this is an example of artefacts being reoriented to support design 
activity, Rob actually physically modified an artefact to better support his interactions later in the day: 
In friendly competition with Nathan, 
Rob starts to expand on his existing 
calculation model to produce a more 
robust and ‘trustworthy’ model. He 
brings his yellow jotter from his own 
desk over to François’ desk, who sits 
beside him as he develops the 
calculations by hand on the jotter.  
After filling a few pages of the jotter 
with diagrams and calculations, Rob 
tires of flipping back and forth 
through pages, so he rips off the 
relevant pages… 
 
… and spreads them over the desk in 
front of him as he continues working 
on the jotter. 
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Here, Rob has ‘modulated’ the physical properties of the artefact he is working through. Initially the jotter is 
used as a series of small, connected, individually-used worksheets through which he flips serially to navigate 
forwards and backwards. In ripping off the pages and spreading them over the desk, that same artefact is 
now spatially distributed in front of him, enabling concurrent visual access to his current and prior work. 
The excerpt demonstrates how some artefact can be physically adapted to suit desired interactions. 
The excerpts used in the discussion, particularly those excerpts showing interaction with shared artefacts in 
a shared space, highlight how physical characteristics of artefacts affect their use as mediators of social, 
collaborative design activity. The engineers’ collaborative use of artefacts are enabled and constrained 
through a number of issues: 
Access 
Artefacts provide varying degrees of physical access to those interacting with them. For example, a 
computer screen sitting at the back of a desk enables Nathan and Michelle, when seated, to reach forward to 
point at and gesture around the display. When Rob joins the discussion, he cannot reach the monitor from 
where he stands behind the chairs of Nathan and Michelle. This lack of physical access at times also implies 
a lack of visual access – Rob may not have been able to see the details of the calculations on the screen from 
where he was standing. Standing may give more people simultaneous access to the artefact, depending on 
the particular circumstances. During the first meeting, Rob repeatedly steps forward within the circle of 
engineers to gesture on the screen on François’ desk (sometimes using a piece of paper as an extension) but 
then has to step back after pointing to avoid obscuring the artefacts from the others. Michelle still has to 
lean over the desk to point on the screen. The orientation of the artefact also affects access – for example, a 
computer monitor or a whiteboard are oriented in the vertical plane, which provides different access from, 
say, the bearing catalogue, which Nathan used in a horizontal plane. 
Mobility 
Closely interlinked with the issue of access is the contrast between the use of itinerant and anchored 
artefacts in the design environment. A computer monitor, for example, is effectively a fixed, stationary 
resource, around which the engineers would congregate and interact. In these interactions, the action was 
where the artefact happened to be – on a desk, on a whiteboard, on a computer display. At other times, 
artefacts would physically move in and out of the workspace –itinerants spontaneously conscripted to serve 
as a resource for a time, then moved back to the periphery. For example, Rob’s line drawing shifts from 
being a desktop resource for Michelle and François to being the centre of a multi-person interaction away 
from the desktop. 
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Physical flexibility 
Rob’s jotter was used initially as a series of sequential, single-view worksheets, then reconfigured into a set 
of distributed, concurrent worksheets. This physical transformation of the artefact is essentially irreversible, 
at least, without the use of sticky tape. In the second group meeting, Rob reorients his two printed A4 line 
drawings in space to align the two ‘zoomed’ views correctly. In contrast, a computer monitor has fixed, 
finite ‘real estate’ – for different parts of the calculations (for example) to be concurrently visible, they must 
necessarily fit within the screen area. The advantages of using computer-based artefacts over unaugmented, 
paper-based artefacts (e.g., a CAD system vs. a printed line drawing), is the ability to create the latter from 
the former, and not the reverse. In other words, a computational device such as a desktop computer can 
generate a plain computer printout, but it is infinitely more difficult to turn a plain piece of paper into a 
sophisticated computational device. 
Desktop-computer based artefacts have the potential to be very physically flexible, through novel 
interaction technologies or simply through the ability to generate a wide variety of physical artefacts 
(witness Rob printing out varying scales of line drawings for the second group meeting.) The current mix of 
paper-based and computer-based artefacts used to support cooperative work appears to be with us for good 
(Brown & Duguid, 1995; Sellen & Harper, 1997, 2001). Henderson (1998) articulates how despite the hype, 
the development of computer tools such as CAD:  
…has not led to a paperless world, but rather to a world of mixed practices that combine the 
assets of both the paper and the electronic worlds. Initial ideas are often captured on paper, 
whereas analysis and problem solving are often accomplished individually and/or 
collaboratively using computer generated hard copies” (Henderson, 1998, p. 140) 
Use-history 
Nathan explains that the engineers usually work on pen and paper as they develop an initial design concept 
or theoretical model, transferring it into digital form as they progress further. As Rob sets about developing 
a calculation model of the boom forces, he sketches out his approach tentatively on his yellow jotter before 
gradually implementing the model in the software. Michelle developed her weld calculations ‘by hand’ in 
her notebook, for example, before generating the calculation model on the computer. Her notebook is a 
dense, rich layering of text, diagrams, calculations, and ‘notes to self’, an example of what Henderson (1995) 
would call a ‘meta-indexical’:  
Visual representations facilitate the joining of not only multiple meanings, but multiple 
forms and formats of coded and uncoded, verbal, visual, mathematical, and tacit knowledge. 
This facility to serve as a gathering ground for multiple ways of knowing renders visual 
representations in design engineering what we might call a meta-indexical. (Henderson, 
1995, p. 295) 
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Central to the value of such an artefact is its ability to capture and embody its own history of interaction, 
not just as manifested in its ‘current state’ but in the layers of revisions and modifications, scribbled in pencil 
and various coloured pens. Artefacts carry the history of the past work, reveal information about their 
‘location’ within the process, and provide a range of other subtle contextual cues (Perry & Sanderson, 1998; 
Schmidt & Wagner, 2002). Artefacts are accessible and persistent, and thus offer modalities of interaction 
that are fundamentally different from the sequential order of speech and action. They exist in physical 
space, which makes them able to be conscripted in the engineers’ collaborative social space. This 
collaborative activity is only possible through the publicly available activity of each of the participants 
(Robertson, 2002), and in the case of the engineers at Emco, that activity is manifested through the artefacts 
themselves.  
Michelle’s notebook is layered with “actual vestiges of physical presence” (Ishii, 1998, p. 1). In comparison, 
the computer-based artefacts that the engineers are using aren’t able to capture such a rich account of their 
use. Some software applications display a ‘History’ of the commands and ‘actions’ that are executed while 
using the application, which could be used as small cues and clues to support the continuing re-negotiation 
of meaning of the artefact, but such indices are somewhat limited compared to the richness of ‘plain’ 
artefacts such as Michelle’s notebook. Take the example of a simple ‘underline’, mimed with a pen tip or 
fingertip on a computer screen, versus actually inscribed on paper. If the engineer mimes the underline, 
then the event lasts only in the minds of the witnesses (or on videotape) – it is but a passing comment, a 
momentary emphasis. If the underline is actually executed in pen, the emphasis lasts as long as the artefact, 
serving both to highlight the particular text or symbol that was important in the moment, but also acting as 
a token of a conversation between the engineers or between the engineer and the artefact – a ‘hook’ upon 
which to reconstruct meaning. In recognition of this important property of real-world artefacts, Hollan et 
al. (2000) have made tentative steps towards developing what they call ‘History-Enriched Digital Objects’:  
“The physics of the world is such that at times the histories of use are perceptually available 
to us in ways that support the tasks we are doing. Use-histories are sometimes incorporated 
in cognitively important processes. By recognizing the functions of use-histories in simple 
media, we can exploit the powers of digital media to provide additional support in ways that 
are simply not possible with static media.” (Hollan et al., 2000, p. 14) 
From an ecological psychology perspective, Gaver (1996) argues that the difference between paper-based 
and computer-based artefacts is that the former unites and the latter separates the storage and display of 
information:  
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“That paper's medium for storage is also its medium of display places constraints that allow 
information to be unequivocally mapped between the two functions. The meaning of a 
given mark is apparent, both formally in terms of its symbolic functions and informally in 
terms of its history and origins, in that it is the sole representation of that meaning rather 
than the outward manifestation of some deeper level of storage...That a computer's medium 
for storage is separable from its medium of display, in contrast, allows an unspecified 
mapping between content and appearance. A given display may reveal only a part of the 
information stored by the computer, and is unlikely to reveal a great deal about its history.” 
(Gaver, 1996, p. 119)  
The concept of ‘affordances’ from ecological psychology should have a contribution to make in 
understanding physical interactions with artefacts (Norman, 1988, 1991, 1993a, 1993b; Gaver, 1991, 1996). 
While ‘traditional’ ecological psychology is interested in the analysis of how organisms interact in the 
environment, Norman’s particular interest was the idea that objects and software can be designed so as to 
suggest their intended use. As Jeremijenko (in progress) points out, though, much of what we learn about 
how to interact with artefacts comes from observing others – that is, designing artefacts for immediate, 
intuitive use ignores our tendency to learn through watching. From a social psychology perspective, 
Bandura (1965) similarly highlights our ability to learn 
vicariously and through imitation. 
In understanding the use of design artefacts, affordances 
are useful on a purely physical level: they can show us 
that a paper printout affords writing with a pencil, 
whereas a glass computer screen does not. However, the 
concept of affordances isn’t well placed to answer 
questions such as ‘why does Michelle move her pencil 
up to the computer screen and move it to simulate 
writing?’ (in #B6) 
Here, Michelle is in the midst of her explanation of her weld calculations to François, and her action fits 
smoothly into the conversation, but we have to move beyond a description of her physical activity to make 
sense of it. We need to understand the action as a communicative act, a pragmatic act (Mey, 1993) but the 
concept of affordances is aimed more at theorising about an ‘interacting animal’ than about a ‘social, 
communicative animal’. Affordances alone cannot account for how the engineers design through the 
artefacts – the artefacts have more than ‘informational’ or ‘perceptible’ properties but take on social 
properties as they are conscripted into collaborative activity. As Minneman and Harrison (1996) conclude of 
the use of objects in design,  
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The significance is not that objects provide a source of information for the designer (which 
they do), or that they are superior to abstract forms of information (which they may or may 
not be) but that the processes of interactions with objects have communicative value and 
alter the dynamics in multi-user settings.” (Minneman & Harrison, 1996, p. 435) 
Through their study of industrial design students undertaking design review, Bucolo and Brereton (2004) 
similarly concluded that the medium of a representation alters the nature of the conversations that take 
place around it. This dissertation has further demonstrated how the physical characteristics of artefacts 
influence their use, highlighting how use unfolds and meaning emerges only through socially-mediated 
activity in a social context. 
Design studies cannot ignore that designers interact with a medium (Schön & Wiggins, 1992), but at times, 
properties of the medium are overemphasised, to the detriment of social aspects of interaction. For example, 
Ullmer and Ishii’s (2000) comprehensive review of and vision for tangible interaction devices, while broad 
ranging, pays little attention to the social and cultural aspects of artefact use. Their model for interactions 
with Tangible User Interfaces (TUIs), for example, “relates the role of physical and digital representations, 
physical control, and underlying digital models.” (Ullmer & Ishii, 2000, p. 915). Their muse for the 
development of such novel interactive technologies is the abacus (also Ishii & Ullmer, 1997). The abacus is a 
physical embodiment of a symbolic manipulation - the beads represent things being counted and have 
values according to their location on the abacus, and the beads should be manipulated according to rules 
that are tied to the underlying computation. The analysis presented in this thesis suggests that artefacts 
supporting collaborative, socially-mediated interactions may prove a more fertile source of inspiration than 
a one-person, focused-use, rule-based, symbolic artefact such as the abacus. 
The interactions of the engineers at Emco show that an understanding of how artefacts are used must 
embrace both the physical and social nature of those interactions. Design is both a dialogue among 
individuals and a transaction with the materials of a problematic situation (Schön, 1990), so an 
understanding of how an artefact is appropriated into collaborative activity must begin with the recognition 
of that artefact’s materiality (Binder, 2002). 
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Chapter 9 -  Conclusions 
This final chapter of the thesis firstly presents conclusions in two areas – understanding 
interactions with artefacts in engineering design, and evaluating existing frameworks for 
understanding interactions. I then discuss implications of these findings with respect to 
supporting engineering design practice, designing tangible computational devices, and 
studying interaction in general. Reflections on this research are presented with reference 
to the initial motivation and aims of this thesis, including recommendations for future 
work. This thesis concludes with a statement summarising the contribution of this thesis to 
the field. 
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9.1 -  Understanding interact ions wi th ar tefacts in  
engineer ing design 
Design artefacts do not just represent the design world, but they participate in the interactions that make 
that world meaningful. 
The analysis undertaken in this thesis has revealed varied and diverse uses of design artefacts in engineering 
design practice. Where much prior research focuses on design representations used to externalise ideas or to 
contain or convey information, this thesis reveals the value of seeing engineers’ design resources as 
‘artefacts-in-use’. Artefacts are used not only to represent the design, but are ongoing participants in the 
process. This perspective has shown that design artefacts are more than the output or epiphenomena of 
design activity – they are materialised processes; design artefacts are the means through which the design 
emerges. 
Artefacts are not used as static pictures of the design, but rather they present dynamic perspectives and are 
actively engaged by the engineers to support their designing. 
Artefacts were shown to be used as dynamic perspectives onto the design. Artefacts are not used as static 
facsimiles of the design world, but rather as portals onto it – they are a means to learn more about that 
world. A design artefact isn’t just a reduction or representation of the design, but a construction towards it, a 
means to learn more about the design. In this way, the artefacts can be seen to support the ongoing dynamic 
redefinition of the design problem and solution. 
Engineers were seen to use the leveraging strategy of ‘shifting focus’ between treating a design artefact as a 
representation of the design and treating it as the actual design itself. These focus shifts were enacted 
through and supported by physical reference to design artefacts, for example, pointing and gesturing around 
a printed line drawing. 
The meaning of a design artefact is negotiated and renegotiated in situ. 
Design artefacts aren’t necessarily ‘transparent’. What they represent, or their meaning, is not immediately 
apparent, even for the creator of that artefact. The meaning of an artefact was seen to be bound to the 
interaction and the context through which it was created, and in a different context, the artefact was 
rendered opaque until meaning could be renegotiated. 
Engineering design is based on collaborative, constructive criticism around artefacts, enabled by 
participation in a community and by access to a shared physical context. 
Engineering design engenders a culture of healthy criticism and a ‘what if…’ or counterfactual mindset 
towards design problems. The engineers’ design activity can be characterised as collaborative, constructive 
criticism around shared artefacts. To effectively undertake this collaborative, constructive criticism, the 
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engineers rely partly on a specialised working language, a ‘language about design’ that is a prerequisite for 
and manifestation of their ongoing participation in the engineering community. That same language is 
embodied in the design artefacts themselves (such as the nomenclature used in calculations) and is, for the 
most part, common to the engineers, but each engineer also uses their own unique ‘dialect’. Because of this, 
successful collaboration and communication around artefacts relies not just on the ‘content’ of artefacts, but 
on the context in which that artefact is being used. 
By making their work publicly available through artefacts, the engineers were seen to provoke the 
constructive criticism that is central to collaborative engineering design. The meaning of an artefact is 
negotiated through the deeply indexical interactions taking place around that artefact - the engineers point 
to, gesture and mime around artefacts with hands, pens, and bodies. Indexicality necessarily binds a person’s 
understanding of an artefact to interaction with a particular concrete, physical instantiation in a particular 
context. 
To successfully integrate another’s artefact into their own work practices, an engineer must not only 
understand but trust the artefact. That trust comes partly from endorsing how the artefact was created and 
developed, which in turn reflects the practices that count as legitimate within the engineering team. 
Artefacts, and the relationships between them, evolve unpredictably through design activity, and engineers 
must continually negotiate webs of meaning through a ‘constellation’ of artefacts. 
Engineering design was shown to be grounded in an inextricable, dialectical coupling between design and 
analysis activity, with each contributing to and drawing upon the other. At the same time, design problems 
are figurally complex – as the design evolves, so does the design problem itself. For example, the engineers’ 
force analysis gave rise to the design idea of shifting a pivot point location to reduce forces, which in turn 
prompted a refinement of the design requirements. Correspondingly, artefacts, and hence the relationships 
between artefacts, are constructed ad-hoc, ‘on the fly’ through design activity, and are continually shifting 
and evolving as the design progresses. Artefacts are often generated spontaneously as short term, transient 
resources, but these same artefacts can become part of the ongoing design work and anneal into more stable, 
lasting resources. 
Design artefacts are used not as stand-alone entities in design activity, but in conjunction with other 
artefacts. We saw how the engineers made sense of artefacts not just in terms of the artefacts’ relations to 
some underlying design, but in terms of how they were seen to relate to other artefacts. A front view doesn’t 
make any sense without talking through the side view as well. A set of calculations isn’t complete without 
graphical artefacts showing what the calculations are about. Engineers must negotiate ‘webs’ of meaning 
through interacting with these multiple dynamic artefacts, or ‘constellations’ of artefacts. 
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Artefacts’ material qualities shape interaction styles and, where possible, artefacts and environments are 
physically reconfigured to better support activity. 
The physical properties of a design artefact influence the explorations of the ‘design world’ accessible 
through the artefact, and also influence the nature of collaborations that can take place around the artefact. 
The degree to which the artefact successfully supports the engineers’ design activity depends on issues of 
access, mobility, physical flexibility, and an artefact’s ability to show its history of use. Where possible, 
engineers modulate the physical properties of the artefacts and the environment to suit their purposes. For 
example, a number of instances occurred where engineers physically juxtaposed multiple artefacts, but this 
strategy was only enacted with paper-based artefacts, and not with the artefacts embodied in the computer 
monitors sitting on two adjacent desks. 
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9.2 -  Evaluat ing exis t ing f rameworks for  understanding 
interact ions 
This thesis has used particular selected scenarios played out in a particular domain to compare and contrast 
popular theories of interaction. Far from being an attempt to directly compare theories on a universal level, 
this body of work takes the more pragmatic approach of asking ‘how can these perspectives inform my area 
of interest?’ 
Hutchins’ (1995a) theory of Distributed Cognition, grounded in cognitive science, sees the activity of 
systems comprising humans and technology as computation realised through the creation, transformation 
and propagation of representational states across a variety of media, such as artefacts, sounds waves and 
brains. He sees artefacts and the environment as containing information which can be manipulated or 
relocated throughout a sociotechnical system with the aid of our specialised mental and physical tools and 
our cultural constructions. He uses this approach in a detailed analysis of his observations of navigation 
practices in the Navy, and in the analysis of others’ observations of navigation practices in Micronesia. In 
the case of the former, the existence of fixed procedures and the highly structured social and organisational 
environment on the boat are considered critical in the successful execution of the various ‘tasks’ that the 
sailors are trained to undertake. 
One of the strengths of the Distributed Cognition perspective is that it acknowledges the central role that 
external representations and artefacts play in enabling most human activity. For example, the notion that 
artefacts contribute by turning conceptual problems into perceptual inferences is well supported in the 
analysis in this thesis. Halverson (2002) and Rogers (2004) also note that Distributed Cognition is useful in 
providing pointers as to how to change forms of representations to improve user performance. 
By dissolving the distinction between ‘internal’ and ‘external’ cognition, the theory of Distributed Cognition 
elevates the status of representations above a mere support role to put them on an equivalent computational 
footing with the brain. In this view, neuronal states and marks on a page have equal theoretical esteem, 
which does have some resonance with the claim in this thesis that design artefacts are ‘things to think with’. 
Sections 6.1 and 6.3 of this thesis illustrated how the engineers are continually reinterpreting and redefining 
the design problem in concert with developing their solution, reiterating the importance of problem 
interpretation and reformulation in design activity. This aspect of design activity has not been successfully 
integrated into computational accounts of activity, such as that provided by Distributed Cognition (see, for 
example, Dreyfus, 1972, 1993; Coyne & Snodgrass, 1993; Schön, 1990, 1992).  
Sections 6.1, 6.3, 7.3 and 7.4 of this thesis reveal that the engineers’ activity at Emco is unpredictable in the 
sense that at a given moment, it is impossible to forecast with any degree of confidence how the design will 
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unfold. In contrast to Hutchins’ choice of a highly structured work environment, this thesis describes a 
domain in which the trajectories of artefacts and ‘information’ do not follow predefined paths. A design 
artefact’s trajectory only exist in retrospect – it is not possible to predict how a given artefact will be 
interpreted, to predict how it will be used, or to determine how (or if) a design problem can be resolved. 
There are no established rules as to what constitutes the ‘correct’ process in design activity, and the evolving 
artefacts are engaged, not as ‘containers of information’ in a scripted process, but as contributing participants 
in uncertain, improvisatory explorations.  
The engineers’ artefacts were shown in Sections 5.2, 6.3, 7.1, 7.3 and 7.4 to derive their meaning in the 
context in which they were used, not from any ‘content’ independent of use. The examination of DCog in 
the light of a study of design activity (in which ill-structured problems are continually being reformulated 
through activity) reveals gaps in the DCog model, which rests firstly on computation as the underlying 
mechanism of cognition, and secondly on the solving of structured, pre-defined problems as the underlying 
model of collaborative activity. This explains why Distributed Cognition has traditionally provided a 
stronger interpretive contribution to structured, procedural, ‘routine’ activity, compared to inherently 
unstructured, ‘wicked’, ‘figurative’ domains such as design. 
Situated theories of action, most prominently the work of Suchman (1987), Lave (1988, 1991), and Wenger 
(1998) offer a much less ‘rationalised’ account of human endeavours, favouring the notion that a person’s 
knowledge and actions emerge from their moment-to-moment interactions in the world rather than from 
any preconceived plan or script. Situated theories insist on understanding human activity as arising out of its 
social and physical context. They further demonstrate unflagging dedication to the specificity of any given 
situation, and consequently deny the possibility of generalised frameworks of interaction, applicable across 
domains. Sections 5.2, 6.3, 7.1 and 7.3 of this analysis of engineers’ interactions with artefacts have produced 
interpretations congruent with a situated perspective, showing how the meaning of an artefact was 
negotiated in situ and was bound to that context, and how activity unfolded ad-hoc, in the absence of any 
guiding ‘plan’. However, this analysis of engineering design has also produced a number of insights that 
resonate well with the more inter-relational perspectives of Distributed Cognition and Activity Theory. In 
this thesis, the notion of artefacts being used in ‘clusters’ or ‘constellations’ (Chapter 7), or of how design 
artefacts convert conceptual problems to perceptual inferences (Section 5.2) are examples of insights made 
possible through the structured DCog and AT approaches rather than a situated approach alone. 
Situated theories can give rise to rich, sensitive accounts of human activity, but do not aim to provide 
support for drawing out universally transferable interpretations of complex field data, although examples 
from any one domain can, of course, inform understandings of examples of other domains. In contrast, the 
structured interpretive frameworks of Distributed Cognition and Activity Theory seek to cast observations 
of activity in any domain in the light of particular theoretical universals. The absence of any concrete, 
structured axioms has been used both to support and to attack situated theories of interaction. On the one 
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hand, a one-off, unique, non-transferable description of a particular situation can be argued to be 
insufficient as a basis for theorising across situations (see Clancy, 1993; Vera & Simon, 1993). On the other 
hand, the refusal to draw generalisations without retaining the supporting contextual details has been found 
to be very useful for design – for example, in the application of ‘patterns’ (Alexander, 1964) in architectural 
design, and more recently in software design. 
Activity Theory (AT), grounded in the work of Vygotsky (1960/1981, 1978), Leont’ev (1978, 1981, 1989) and 
Luria (1976), offers the third dominant perspective on interaction. In this view, collective human activity is 
seen as arising from the needs (‘object’) of a sociocultural system, and artefacts (encompassing physical and 
mental tools) are used to ‘mediate’ a person’s actions towards that collective object. While still maintaining a 
focus on human activity as fundamentally social in nature, Activity Theory takes a more structured 
approach to describing that activity than do situated theories of action. In this sense, it presents something 
of a middle ground between Distributed Cognition and situated theories. However, it is prone to a de-
emphasis of material qualities of artefacts. Activity Theory treats a physical resource (e.g., a line drawing) 
and a mental resource (e.g., a ‘flowing forces’ heuristic for determining where forces are acting) as belonging 
to the same category of ‘tools’ or ‘mediators’. However, this thesis has presented clear differences between 
how these ‘tools’ were used to support design activity. Physical artefacts are used to support human activity 
that would be impossible using mental ‘tools’ alone; for example, artefacts were physically juxtaposed to 
provide multiple views of a design, which would be difficult to visualise mentally. The ‘catch-all’ categories 
of this theory introduce a theoretical murkiness into the very domain we are trying to clarify. 
The concept of ‘affordances’ from ecological psychology can contribute towards understanding the physical 
characteristics of use of a given artefact. The notion of a potential for action, emerging from the reflexively 
defined properties of an organism and its environment, has found support in research in HCI and 
Interaction Design. In a similar vein, and drawing inspiration from the concept of affordances, the analysis 
in this thesis has revealed a number of issues influencing how the engineers physically interact with their 
artefacts in the design environment. However, affordances alone cannot account for social, communicative 
acts observed taking place within the engineers’ design activity. 
These diverse theoretical viewpoints have all contributed materially towards developing a richer 
understanding of how artefacts are used in the particular domain of engineering design. Each framework 
brings its own set of constructs or principles to bear on the domain, and while they cannot be compared 
directly in universal terms, this thesis demonstrates that it is certainly possible to highlight strengths and 
weaknesses of particular approaches for particular purposes. 
In this light, the question of ‘which theory should I use’ makes less sense than ‘how can every theory 
contribute?’ Situated approaches, for example, work well for understanding detailed socially-mediated 
interactions around artefacts. Distributed Cognition, as another example, works well for identifying features 
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of representations that support or do not support particular activities. Surely, as Rogers (2004) suggests, 
these approaches and others can be dovetailed together, with high-level frameworks and principles used in 
tandem with fine-grained micro-analyses of interactions. While no particular theory is suited to all 
purposes, when theory is being used to support design (eg the design of new tools for engineers), the 
multiple ‘ways of seeing’ offered by multiple theories can inform design better than any single theory 
anyway. Indeed, Rogers (2004) notes that practitioners in HCI rarely bring entire theories to bear on their 
work, but rather, they draw eclectically from a range of theories, conscripting and using a principles from a 
range of theories, wherever the practitioners deem it appropriate. 
The challenge for those examining how to bring theory to bear on human-artefact interactions, then, is not 
‘which theory to use?’ but rather, how can these multiple viewpoints be used to support a particular 
research endeavour. Theories should not be judged on ideological grounds alone or on their ability to 
account for all observations, but rather on their utility in providing a valuable partial insight towards 
particular observations. 
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9.3 -  Impl icat ions 
Supporting engineering design practice 
The preceding analysis showed how the creation of design artefacts is the means, not the end of engineering 
design activity. Design was seen to be not a linear, structured process but an emergent, unstable exploration 
grounded in counterfactualisms – ‘what if?’s. Design artefacts were seen to be transient, experimental 
constructs that can, over time, anneal into stable, lasting structures that form part of the engineers’ 
collective pool of resources. Design artefacts were seen to do more than ‘represent’ the design – they were 
engaged by engineers as participants in designing. This suggests that improving the design artefacts that 
engineers use is one route towards better supporting design practice. 
Current engineering practice, such as that taking place at Emco, can provide valuable stimulus for 
developing improved technologies and practices for engineers (Minneman, 1991). In particular, the analysis 
presented in this thesis reveals why we should look beyond incremental improvements on the current 
generation of computer-aided design and analysis tools and artefacts, which are largely aimed at supporting 
the construction of representations. Instead, we should look towards supporting the socially mediated 
negotiation taking place around and through a wide range of computational and non-computational 
artefacts. Where much of the current attention in supporting engineering design is focused on tools to 
support the construction of representations, we must broaden that view towards tools that support the 
process of designing as practised. Construction of representations is irrefutably important, but the 
negotiation and constructive criticism that the engineers undertake around artefacts is the essential vehicle 
for the design’s evolution. 
At the same time as we look to provide new technologies, we must recognise that technologies are 
‘appropriately appropriated’ into work practice (or are not appropriated at all). Any attempt to introduce 
new “conversations and connections” (Winograd & Flores, 1986, p. 169) through technology must 
acknowledge, as engineers themselves implicitly do, that computer-based tools are just some of a wider 
array of support systems for engineering design. 
This thesis has shown that the engineers work together very effectively using existing tools and 
technologies. However, the analysis has also highlighted a number of fundamental differences between the 
computational and non-computational artefacts used by the engineers – differences manifested in the 
varying use of these artefacts. This thesis, then presents lessons for the design of artefacts and technologies 
(computational or otherwise) for use in engineering design environments. 
Artefacts should be able to retain and represent their own histories of use, since artefacts were shown to be 
shared between engineers as the design evolves. Engineers need to share trust in the artefacts they inherit, 
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so artefacts should reflect the processes that have led to their current state of being. As an example, 
Michelle’s notebook is a rich ‘meta-indexical’ (Henderson, 1995) comprising superimposed layers of 
composition, editing and annotation. In contrast, most existing software tools, including the engineers’ 
calculations developed through the mathematical software, only indicate the current state of an artefact, not 
the development, experimentation and editing that led to that particular incarnation. 
Artefacts should also provide better opportunities for the engineers’ local, tentative experiments. For 
example, most software enables a user to ‘undo’ and ‘redo’ their recent actions, with many applications 
providing a visual record of the recent retraceable steps. This strategy allows linear experimentation along a 
single exploratory ‘path’. A more powerful strategy could be to allow ‘branching’ of this path – allowing 
users to make tentative steps in a particular direction, then to backtrack and attempt a different direction, 
while retaining the original path information. Over time, this could give rise to a multidimensional network 
of foragings (and a richer understanding) in comparison with the single linear path supported in many 
existing applications. 
An emphasis on the physicality of the engineers’ artefacts should inspire more than new types of 
representations of engineers’ visions; it should inspire new types of embodiments of those visions. The 
particular and inseparable link between an artefact’s materiality and its use (see also Binder, 2002) was seen 
in this thesis, for example, in the way interactions with desktop computers differ from interactions with 
paper-based artefacts. This cannot be ignored in designing supporting technologies for engineers, 
particularly now that a computational artefact can be more than a keyboard, screen and mouse. 
Engineers work in a range of different media, using an even broader range of representations and notational 
styles. For example, CAD (Computer Aided Design) software enables users to create visible models of 
components and systems, which can then be progressively refined as the design evolves. Finite Element 
Analysis (FEA) and Computational Fluid Dynamics (CFD) software enables users to create visible models of 
components and systems which are then subjected to largely ‘hidden’ numerical analysis, resulting in 
colourful visible output that informs the design. The mathematical software used by the engineers at Emco 
during the field study enables users to construct symbolic representations of components and systems which 
are again subjected to largely ‘hidden’ numerical analysis, resulting in symbolic/numeric output that is used 
to inform the design. 
Section 8.1 started with Buur’s (2000) comment that “design doesn’t happen at a desk, it’s in the interactions 
between people”, a comment on design being a social rather than an individual pursuit. Strictly, the analysis 
in this thesis reveals that to, a large degree, design does happen at a desk in the literal, physical sense. Design 
interactions take place through social engagement around artefacts, and many of those artefacts, particularly 
those embodied in the current generation of desktop computers, are bound to desks. CAD, FEA, CFD and 
mathematical software tools, indeed all of the engineers’ software tools, were seen to be used at a desk. The 
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physical movement and interactions observed to take place around other artefacts such as printed line 
drawings, though, indicate that desktop-bound computational artefacts only enable a narrow wedge of the 
range of physical interactions that engineers have with artefacts. For the computational tools to afford the 
same variety of interactions, they must be more akin to the lightweight, paper-based ‘itinerant’ line 
drawings than to the clunky, immobile settlers commonly found on engineers’ desks. 
Such computational artefacts would better enable shared ‘gesture spaces’ than desktop screens, and would be 
engaged fluidly as part of ordinary conversation, not requiring focused work to bring them into use. The 
artefacts would be used seamlessly and transparently, just like the engineers’ existing artefacts, but with the 
added feature of mobility. The challenge for designers is to combine the lightweight physical simplicity of 
pencil and paper, notepads, jotters, whiteboards, and other ‘everyday’ things with the computational tools 
that are an integral part of engineering design practice. A clear tension exists here – our current 
technological climate generally sees lightweight interactions made possible only through heavyweight 
technologies. 
 
Figure 9.1 - Fiducial Markers enable digital material to be visibly overlaid on lightweight, paper-based 
artefacts. (Figure reproduced from Slay et al., 2001, p. 3) 
Promising avenues exist for the development of lightweight, computationally enhanced artefacts in 
augmented reality and tangible media. For example, fiducial markers (see, for example, Billinghurst, Kato & 
Poupyrev, 2001; Kato & Billinghurst, 1999; Slay, Phillips, Vernik & Thomas, 2001) are simple, low-fi paper 
based markers that are superimposed with a digital image that is locked to the orientation of the paper (see 
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Figure 9.1). With the right viewing equipment, the simple paper artefact becomes a tangible, 
computationally enhanced resource that can be handed around and moved through space like any other 
everyday object. Such ‘open-ended’ technologies could present opportunities to support engineering design 
without imposing particular working styles or demanding deep changes in work practice. As Perry and 
Sanderson (1998) argue, successful new technologies are those that are easily integrated into existing 
practices. The view of technologies as adopted and adapted in a cultural environment has been validated by 
this thesis, and will prove rewarding in attempting to better support engineering design practice. 
Designing tangible computational devices 
The engineering design environment studied in this thesis is a domain in which interaction with artefacts is 
the means through which the work takes place. As such, these observations have implications for the design 
of ‘tangible media’ – physically-manipulable computational artefacts and interfaces, or ‘Tangible User 
Interfaces’ (TUIs). 
The most well-known research in tangible media comes from Ishii’s Tangible Media group (see, for example, 
Ishii & Ullmer, 1997), who employ physical objects, surfaces, and spaces as tangible embodiments of digital 
information. Ishii famously draws inspiration from his childhood abacus in the design of tangible interfaces 
(see Ishii & Ullmer, 1997; Ullmer & Ishii, 2000). Ishii sees the abacus as a compelling prototypical example 
of a TUI by virtue of its inherent unification of representation and control, or more simply, ‘what you see is 
where you act’ (Djajadiningrat, 1998). An abacus is controlled through the same means that it represents its 
state (beads), whereas with a desktop computer, control (keyboard/mouse) and representation (screen) are 
separate. Ishii’s view of tangible interactions is that of replacing ‘bits’ with ‘atoms’ – of bridging the virtual 
and physical domains by coupling digital content with physical objects. A useful way to categorise TUI 
artefacts is as either containers, tools or tokens (Holmquist, Redström, & Ljungstrand, 1999). An implicit 
assumption in this view is the idea that physical objects can be used as physical carriers or manipulators of 
decontextualised data chunks (Djajadiningrat et al., 2004). 
The abacus is a physical embodiment of a symbolic manipulation - the beads represent things being counted 
and have values according to their location on the abacus, and the beads should be manipulated according to 
rules that are tied to the underlying computation. In Hutchins’ (1995a, p. 171) words, “The computational 
constraints of the problem have been built into the physical structure of the tools…These tools thus 
implement computation as simple manipulation of physical objects and implement conceptual judgements as 
perceptual inferences.” While the abacus is a good example of a device where representation and control are 
inextricably linked, it appears to be a particularly 'dry' interpretation of tangible media - rendering a 
symbolic manipulation in material form. 
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The foregoing analysis of an engineering design environment shows that in this domain, collaborative, 
exploratory, socially-mediated interactions around multiple artefacts (‘constellations’) are the norm, and 
single-user, linear, single-artefact interactions the exception. Here, artefacts-in-use are more than just 
tangible crystallisations of information, and interactions with artefacts are more than the execution of 
calculations (symbolic manipulations) in a physical domain. In other words, Hutchins’ descriptions of 
navigation practice do not reflect the engineers’ practices, and Ishii’s muse of the abacus does not reflect the 
nature of design artefacts. 
Perhaps a more fruitful (and more interesting) starting point for TUI design, then, is in the understanding of 
collaborative, exploratory, unstructured interactions with artefacts, such as those analysed in this thesis. 
Engineers create rich, expressive gestures with and around artefacts, share artefacts between each other, and 
modify and move artefacts around their environment to support their designing. The maelstrom of activity 
and artefacts being shared by multiple parties in a dynamic physical space presents significant challenges for 
designing agile computational technologies that can fit with these fluid ways of working. 
Engineers must reintegrate the physical world of their hands with the physical worlds of the designs they 
develop. McCullough (1996) sees the future of human-computer interaction as ‘craft’, where interaction 
with computers is akin to the expert tool use of specialist craftspersons. In this view, the physical 
engagement between maker and material is at the heart of true craft, and tangible, manipulable digital 
media could facilitate a new digital ‘craft’. This view, as opposed to the view of tangible media as devices for 
‘input’ or ‘control’, could be the way for engineers to develop and use embodied knowledge of physical 
systems within a digital design medium. 
Along with Winograd and Flores (1986), Suchman (1987), Minneman (1991) and Wellner et al. (1993), I 
claim that the most promising route to new interaction styles is through design provocations that are 
grounded in an understanding of and appreciation of everyday interactions in the world. Rich working 
domains such as engineering design environments can clearly provide fertile sources of inspiration for the 
design of new interactive technologies, and can also offer insights into human-technology interactions in 
general. 
Studying interaction 
The interpretations presented in this thesis are mindful of both physical and sociocultural aspects of how 
artefacts are used in engineering design. The interpretations are grounded in the early contributions of a 
multidisciplinary team of interaction researchers, and fleshed out through detailed individual qualitative 
analysis of field data, drawing on concepts from Distributed Cognition, Activity Theory, situated theories 
and Ecological Psychology. 
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The early, exploratory Video Card Game (see, for example, Buur & Soendergaard, 2000), proved to be an 
inspirational exercise. Most of the threads running through this thesis can be traced back to their first 
‘teasing out’ during this video analysis workshop. The power of the Video Card Game lies in its ability to 
provide a wealth of rich field data to a group of researchers and designers within a short time, and to 
support the development of valuable, resonant interpretations of that data. While the Video Card Game 
does necessarily give the participants a narrower view than if they had participated in the actual field study, 
their naïveté (in the most positive sense of the word) served as a powerful basis for forming critical, robust 
interpretations. The tension between over- and under-nurturing the understandings emerging from video 
data will always bear on studies of this nature, but this thesis is testament that the Video Card Game can 
strike a useful balance and serve as a constructive exploratory resource for initiating a wider qualitative 
analysis. 
The individual qualitative analysis conducted at length in conjunction with composition of this thesis was 
responsive to the phenomena in the video data, was a reflection of the ‘seed’ interpretations generated in the 
early collaborative interpretive workshop, and drew on theory from Distributed Cognition, Activity Theory, 
situated theories and Ecological Psychology. While philosophically irreconcilable, these diverse theories 
were found to serve largely as complimentary perspectives towards activity in the engineering design 
domain. Areas in which theories differed, such as their treatment of the role of context or planning in 
collaborative human activity, were successfully used as ‘foils’ to tease out robust, defendable interpretations 
of the field data. This combination of multiple theoretical perspectives could conceivably be similarly used 
as parallel perspectives onto other domains of human activity. Rogers (2004), for example, notes the 
concensus amongst HCI practitioners that theory can and should be used more eclectically in HCI. 
This thesis demonstrates that the differing assumptions behind and application of theories of interaction, 
when acknowledged, can be harnessed constructively to make sense of human interactions. As Wertsch 
states,  
By choosing to focus on either universals or sociocultural situatedness, one makes certain 
essential assumptions about which phenomena are interesting and deserve attention. The 
existence of these assumptions and their implications are not often appreciated, however, 
and the result has been misunderstanding and bogus argument. Since there are undoubtedly 
universal as well as socioculturally specific aspects of human mental functioning, the choice 
here is not simply one between sound and misguided sets of assumptions; rather, it is a 
choice between two different research agendas, both of which need to be addressed and, 
where possible, integrated (Wertsch, 1991, p. 7) 
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9.4 -  Past ,  present  and future:  A statement of  contr ibut ion 
The first aim of this dissertation was to contribute to an understanding of how artefacts are used to support 
engineering design activity. 
Research in engineering design has historically framed design as a largely individual process that takes place 
(or should take place) through a logical series of well-defined phases (see, for example, Pahl & Beitz, 1984). 
More compelling accounts of authentic engineering design activity have emerged from engineers 
themselves (Bucciarelli, 1994; Minneman, 1991; Brereton, 1998; Matthews, 2004). An ‘insider’s’ perspective 
on complex work settings has also made valuable contributions in other domains (e.g., Hutchins’ (1995a) 
description of navigation practices.) This dissertation contributes to an understanding of engineering 
practice through a thoroughly documented depiction of the work of engineers, and the role of artefacts in 
that work, from an engineer’s perspective. Such a contribution is valuable in itself, as accounts of genuine 
design activity are still lacking in engineering design research. Challenges for future research will be found 
in collecting more stories of engineering practice from engineers’ perspectives, crystallising such descriptive 
accounts into a coherent vision of what is ‘good engineering design’, and in translating this vision into 
engineering education and supportive technologies for engineers. 
Past research has shown how representations such as sketches and technical drawings are used in design, 
but such work generally neglects the physicality and materiality of those representations. Within that 
existing mindset, a representation on a computer screen is effectively equivalent to that same representation 
printed on a sheet of paper. This dissertation recasts such representations as ‘artefacts-in-use’, focusing on 
artefacts’ material qualities, not just their representational qualities. Seen in this light, the interactions 
around a design artefact are revealed as being strongly influenced by the artefact’s material attributes. 
Furthermore, artefacts are revealed as being not products of activity but materialised processes - active 
participants in the dialogues through which the design emerges. The meaning of an artefact is negotiated 
within a ‘constellation’ of such artefacts in a particular context, rather than as an isolated entity. These 
insights can serve as resources for designing future tools to support engineering design, including tangible 
computational devices. Such tools could reintegrate engineers’ hands and their designs, and serve as a better 
basis for developing and harnessing embodied understandings of the physical world. Future work lies in 
conducting studies of artefact use in related work practices such as architecture and industrial design, and in 
developing new interactive technologies to reframe engineering design as an embodied craft rather than as 
an essentially ‘mental’ activity. 
Developments in Tangible User Interfaces (TUIs) have seen a range of innovative new products and new 
interaction styles for interacting with computers. However, such technologies rarely proceed far beyond 
‘proof of concept’ examples (Fishkin, 2004), partly because they reflect an underdeveloped sense of how our 
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everyday physical objects are used to support activity. Richer understandings of everyday work settings are 
needed as a critical element in developing tangible interactive technologies (Abowd et al., 2002). This 
dissertation reveals new insights into the roles of artefacts in supporting engineering design practice, and by 
extension, makes a contribution to understanding the use of artefacts in general. Future work also lies in 
studying artefact use in other domains, and in converting these collected insights into more supportive and 
successful tangible interactive technologies. 
This dissertation also further demonstrates the value of a technique called the Video Card Game (Buur & 
Soendergaard, 2000) in gaining rich, robust understandings of complex interactive work settings. Future 
work lies in further developing the Video Card Game for use in the initial stages of qualitative analysis. 
The second aim of this dissertation was to evaluate how the dominant theories of interaction can be used to 
understand interactions in the engineering design domain. 
Past research within both engineering design and tangible computing has drawn on theories of Distributed 
Cognition, Activity Theory, situated theories and Ecological Psychology to make sense of interactions in the 
physical world. These theories address human interaction from different perspectives and at differing levels 
of granularity. This dissertation brings these four paradigms to bear on observations of authentic design 
activity, and in doing so provides lessons on the relative merits of the theories in understanding interactions 
in the engineering domain. 
The Distributed Cognition approach acknowledges the central role of external representations and artefacts, 
placing them on equal computational footing with the brain. The concepts described within this framework 
helped in this thesis, for example, to highlight how design artefacts are able to convert conceptual tasks to 
simpler perceptual inferences for engineers/designers. However, DCog’s computational account of human 
activity (‘transformation and propagation of information across media’) could not account for the 
‘unstructured’ activity and artefact trajectories in the engineering design environment studied. Furthermore, 
where DCog accounts of activity typically treat artefacts as ‘containers of information’, the analysis in this 
thesis showed that artefacts derived their meaning within a context, rather than as ‘content’ independent of 
use. 
Similarly, the well-structured framework of Activity Theory was found to have elements that resonated 
with the observations made in this study of engineering design practice. For example, the framework 
accounts for how participation within the engineering community enables engineers to bring heuristics 
such as ‘flowing forces’ to bear on solving force problems. However, the conceptual elements of Activity 
Theory were found to be too broad in some cases to capture the important differences between say, a 
‘flowing forces’ heuristic and a printed line drawing (both of these being ‘mediators’ of activity. 
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In this thesis, taking a situated approach to understanding field data provided the bases for a range of 
insights (see Section 9.1) including ‘the meaning of a design artefact is negotiated and renegotiated in situ’. 
Taking a situated perspective is argued to be more demanding on behalf of the researcher, as this approach 
resists the theoretical abstraction that makes other frameworks relatively straightforward to apply. For the 
same reason, situated analyses are argued to be less valuable for practitioners wishing to draw insights from 
them, as they do not provide universally transferable interpretations of field data. At the same time, though, 
the sensitivity demanded of researchers taking a situated approach gives rise to fine-grained insights that 
may not arise when taking more structured analytical approaches. 
In short, while in a strict sense the theories are incommensurable, they have been used successfully in this 
thesis as complimentary foils in order to gain an understanding of a complex work setting. In this light, it 
would appear that there is significant value in being able to adopt a range of theoretical perspectives in 
undertaking an analysis. Halverson (2002) uses the analogy of theory putting ‘glasses’ on the researcher, 
tinting their view and bringing certain phenomena into sharper focus while obscuring others. Rather than 
look for all-encompassing theories of interaction, researchers and designers/practitioners may be better 
advised to develop multiple ‘ways of seeing’ through a range of ‘glasses’ or theoretical perspectives (indeed, 
Rogers (2004) notes the growing theoretical eclecticism within HCI.) Just as engineering designers in this 
study were seen to develop their ‘hardware repertoires’, those designing new interaction technologies 
should continually develop their ‘conceptual repertoires’, and should wield theoretical concepts more 
eclectically in seeking design insight and inspiration. 
When the ultimate goal is to improve the way we work and live, philosophical schisms are subordinate to 
considerations of understanding what we are, deciding what we want to be, and learning how to develop 
our tools and practices accordingly. 
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SECTION A – FIRST GROUP MEETING 
#A1 Nathan asks “so what’s been happening?” – he wants to get “up to speed” on the status of the project, 
since he’s been out of contact with the rest of the staff while on holidays. The meeting begins informally as 
Nathan, Michelle and François gather around Rob as he brings a envelope of photographs into the common 
workspace between Michelle’s and François’ desks. 
#A2 Rob has just been to visit the client, and he took a couple of rolls of photos of the vehicle for which 
they’re building the attachment while he was there. He rotates the stack of photos to align each of them the 
right way as they discuss what Rob saw. He says, “The pins are already there, the thrust washer's already 
there,” pointing to a spot on the photograph, and Nathan says, “Oh, OK.” Rob continues, “We don't know 
what material they are. I rang them up and they don't know either, but they reckon it's pretty high strength 
heat treated steel because they've never had any problems with pins.” Nathan says, “Hmmm, how are they 
lubricated?” Rob replies, “Well that's up for us to do. He said they have a bushing type arrangement in there 
and they autofeed the grease in, and these things are supposed to help keep the grease in, or better than 
whatever else they used to use,” flipping through to another photograph and pointing out a feature. Nathan 
says, “Oh that's right they had the nylon or some sort of plastic. That's right, now I remember. It's supposed 
to wear a bit better.” Rob flicks through a few more photos, then Nathan stops him at one and says, “And 
that pin, have they got a big circlip or something that holds the pin, or…how does the pin come out?” Rob 
replies, “Um, I think there was a… I'll have to look closer at that but there was a screw hole or a bolt hole.” 
He flips through a few more photos to find a better shot of the pin, then shows Nathan, who says, “Oh right, 
oh yeah you must just undo that and the whole plate just comes off, yep.” Rob says, “Mmm I think they take 
these end bits off and...” He flips to the next photograph, and says, “Grease lines…” and Nathan says, “Ok 
got some details of those? Cause we can run that same line off - put a branch and run it out to uhh…the 
bearings.” Rob then says, “I've got some more photos coming back as well, but they’re just doubles.” 
#A3a The dialogue turns to a sketch that the client had sent them some time ago, which had indicated rough 
dimensions and proportions of what they had in mind for the articulated arm that Emco were to design. Rob 
explains that the sketch the client had sent them about dimensions of the machine has proven to be ‘a world 
of fantasy’ because some of the parts ‘interfere’ – that is, components of the arm would crush into each other 
if the arm was built the way they sketched it.  
[In Section 8.3 #A3b Rob says, ‘…and we also did a free body diagram - we had problems with your …’ and 
Nathan says ‘model’ as Rob continues, ‘ … model, I couldn’t get it it to give forces that I actually believed’, 
and they all laugh. Rob keeps talking as he points at the computer screen with the edge of the piece of paper 
he’s holding in his hand, ‘so I did a simple free body diagram with this just in that position but assuming it 
wasn't resting on the ground’, and Nathan says ‘mm-hmm’ in acknowledgement. Rob continues, ‘…to do 
calculations on what the forces were in these pins’ and Nathan says ‘oh yeah.’ Rob says ‘and then also in 
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there, we didn't worry about that.’ Nathan asks ‘and they didn't match mine?’ to which Rob replies ‘er…no. 
Yours were in weird directions. Yours didn't even have the forces in line with the pins, Michelle was saying, 
and it can only be a direct tensile or compressive force through the aah … through the pins.’  
Nathan asks, ‘howww do you mean? cause they just  gives you an x-y force component…?’ to which Rob 
replies ‘yeah but the x-y can only be in line with the hydraulic rams. That has to be a condition of your 
system...because a pin can't transmit anything else besides a tension or compression.’ At the same time, 
Michelle reaches over to gesture on the screen, saying ‘yeah well depends which way you have x and y – if 
you have that way and that way, it gives you that way.’ Nathan makes a cross in the air with his two 
forefingers and says ‘Oh yeah but the x-y is global, so whatever force you get is the force that's acting 
through the pin, oh, you mean it wasn't acting in the direction of the ram?’ and Rob says ‘Yeah that’s right.’  
Michelle gestures on the screen again, as she says ‘Well it depends which way your x-y was set up because 
you have positive x and positive y which gives you a resultant in that direction and the ram was in that 
direction.’ Nathan says ‘yeah but they don't change direction: y is always up and x is always that way’, 
gesturing with his forefinger to indicate the directions. Michelle says ‘yeah so your resultant isn’t… in the 
right direction. We’ve just got to have a look at it and … work some magic,’ and laughs. Nathan says ‘that’s 
weird’ and Michelle says ‘I dunno.’] 
[In Section 6.1 #A4ai Rob moves forward slightly and reaches out with the piece of paper in his right hand 
so that the corner of the paper acts as a pointer onto the computer screen. He says “and we experimented a 
bit with the location of this, and we basically … if had it straight out from that, like from where it was 
intially in your model, you had like a nine hundred kilonewton load through the pin.” He retracts the paper 
and steps back a little as Nathan says ‘oh, OK.’ Rob swaps the paper to his left hand and reaches forward to 
point on the screen with his right hand as he continues, “and if you moved it up by … no …  before it was 
straight out from here, wasn’t it? And then you had a nine hundred kilonewton load …” He then slides his 
fingertip up the screen as he says “and if we move it up a metre which is what we’ve done, you can reduce it 
down to six hundred kilonewtons” and steps back again as Nathan says “ahh OK.” Rob steps forward again 
to point at the screen, saying, “and that still allows for … it to it goes up to about five and a half kilonewtons 
if it goes up higher” as he moves his fingertip upwards. He keeps moving his fingertip up and eventually 
right off the screen above the monitor as he says “and then starts to…or drops down to about five and a half, 
then it goes up again, sort of thing.” Nathan says “yep, yeah”. Rob points back to the same spot on the 
drawing and moves his fingertip from right to left as he says “and then also we experimented with moving 
this around, and if you move it in closer, the loads go down as well…” He steps back and turns towards 
Nathan as he gestures with his arm, saying “ … but you won’t want to move it in too close, otherwise you 
have this tiny little ram and it won't be able to go anywhere.” Nathan says “mmm” in response to Rob’s 
comment and Rob continues, “ … so I've gotta call Andrew and ask him exactly what…” then steps forward 
to use the paper corner as a pointer on the screen, saying “… how high he wants to be able to lift this up, 
like… we've worked out you can lift it up to get the wheel out, but we need to know how high to lift this 
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up … like, we’ve worked out you can lift it up to get the wheel out, but for his other attachments like his 
bucket and his forklifts we need to know how high he wants to be able to lift it up and what angle of tilt he 
wants to put this through so we can work out whether … how far the structure has to be away.” Nathan 
gestures with his two hands in front of him and says “yeah well the bucket will have to be able to move 
back a fair bit. A forklift won't but a bucket will.” Rob answers, “Well… that’s why I'd like him to tell us 
what it needs to be so that…” and Nathan says “yeah, fair enough” as Rob continues “ … he’s happy with 
whatever we do.”] 
#A4b Nathan says, “So you've tossed away the other model? You’re not using it?” and Rob answers, “No it's 
still there, we haven't tossed it away…” as Michelle says “Cause it’s got all the other calcs in it”. Rob 
continues, “… but we haven't fixed it cause we didn't know how to.” Nathan says, “yeah ok, fair enough, so 
do you want me to sit down with you sometime and go through it?” and Rob says, “That could be a good 
idea”, to which Nathan replies, “alright.” Rob says, “Maybe you can sit down with both Michelle and 
François and show them ... how you did it and what you did” and Nathan says, “Yeah ok, alright.” Rob says 
“So that's where we are now. I might give Andrew a call.” Nathan says, “OK, alright well give me 10 
minutes and we'll sit down and…” but Michelle interrupts with, “Well I'm still going through my stuff 
anyway – got to fix up a couple of mistakes.” Nathan says, “Oh OK,  well give me a yell when you're ready 
then. OK.” 
#A5 Nathan notices that François is using a new handheld PDA, and it sparks a discussion about the 
possibility of using PDAs to track billing hours instead of their current system, where they fill in timesheets 
on hardcopy. 
[In Section 5.1 #A6 Rob says to Michelle “well do you want to go through your weld calcs with François?” 
She replies “can I fix them first?” Rob says, “well you can basically both check them and … work out what 
you’re doing, see if anybody … thinks they’ve made a mistake.” Michelle says “Probably!” The engineers 
laugh and they start to move back to their desks.] 
SECTION B – MICHELLE AND FRANÇOIS WORK TOGETHER 
#B1 Michelle and François both sit down at Michelle’s desk, as Nathan passes her a stapled printout of hers 
that he saw at the printer while collecting his own, saying, “Is that yours?”. Michelle calls out to Rob around 
the corner, “Hey Rob, do you have that AutoCAD picture of the one that had the bearings… like the whole 
assembly, the shaft assembly?” He says he has it, and goes to his desk, grabs the sheet of paper with the 
printed picture on it and hands it to Michelle, who turns around to her desk and starts talking to François. 
The AutoCAD picture is a line drawing schematic of the ‘head’ of the machine, with some parts drawn in 
cross-section. After a pause of a few seconds, Rob says, “Actually there will probably be two weld calcs,” and 
leans over the desk between Michelle and François to explain to them where the two welds would be on his 
AutoCAD printout. Michelle sketches the weld locations onto the AutoCAD printout as Rob points them 
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out. Michelle asks, “Can you stick your arms in to get at that?” and Rob replies, “well when it’s all apart you 
should be able to – it’s just a tube so you should be able to weld inside it.” Rob then walks away as François 
looks up a word in his English-French dictionary. Michelle then sets about explaining her weld calculations 
to François. 
[In Section 7.3 #B2 She simultaneously points with her left forefinger and with the pencil in her right hand 
at the line drawing. She explains “You’re trying to attach this… that’s… this is a big circular tube, this is the 
gearbox and it’s attaching to a shaft that’s here…” then starts sketching a small diagram of the tube with 
flanges underneath the line drawing as she continues “… and because they’re far apart you’ve got a big tube, 
so just to join them together you’ve got a tube and you’ve got a flange going there …” 
She continues sketching as she says “We’ve just got to work out which size weld we’ve got to put on these 
flanges here…” then moves her hands up to point at the line drawing as she finishes “…so we can hang the 
gearbox off this side and attach it here on the other.” 
She moves the sheet of paper with the line drawing on it to the top of the desk and reaches back to the left 
of the computer to grab her notebook, saying “so what we’ve got is a… I’ve got pictures and stuff in here…” 
#B3 She flicks through the pages until she finds the one she wants, folds the book back on itself and places it 
flat over the printed calculations on the desk. She says “OK, so it’s a tube, like that, it’s got a flange on here 
so you’ve gotta work out the weld…” As she speaks, she’s drawing over a quasi-3D diagram she’s previously 
made of the weld, reinforcing the small lines that indicate the weld. 
She then lifts up the notebook, moves the computer keyboard out of the way and replaces the notebook, so 
now the notebook sits comfortably beside the printed calculations instead of on top of them. She continues 
“…and what I’ve done is… I’ve had to work out, OK so your loading on this part … on this tube is you’ve 
got a motor out here, which is out here, and you’ve got your gearbox which is out there, and the mass of this 
actual tube, which is there, and because this motor’s sort of off centre, it’s going to be causing it to twist that 
way, and because you’ve got loads in this direction it’s going to be causing it to go that way. And so you’ve 
gotta work out those sort of forces on the weld.” 
She looks at the printed calculations lying to the right of the notebook and says “Ummm so to work out 
these loads you know the mass of the motor, you know the mass of the gearbox but you don’t know the 
mass of the tube, so we use the density of steel. You can work out the area of the tube because we know 
how thick the tube is, and then volume and then mass equals density times volume, so we can get that.”] 
#B4 She draws a small set of three-dimensional axes on her calculation printout, representing the coordinate 
space of the tube that is being welded. She gestures and points to the notebook sketch, the printed 
calculations and the small set of axes as she explains the forces acting on the weld and the stresses that 
result. 
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#B5 Michelle flips over to the next page of the printed calculations – they are stapled in the top left hand 
corner. This next page of calculations has a large circle printed about halfway down, with a number of 
arrows drawn in various locations around the periphery of the circle. The circle represents the weld and the 
arrows represent components of stresses acting at various parts of the weld. She redraws the small set of 
three-dimensional axes halfway down the right of the page, and explains as she sketches arrows on the axes 
that the torsional stresses and shear stresses act in the same plane, so they can be added together to give a 
“resultant stress.” 
#B6 She starts explaining the torsional stresses on the printed calculations, but then pauses and then suggests 
they’d be better off looking at the version on the computer screen because the diagram is in colour. She 
turns towards the screen, grabs the mouse with her right hand and clicks on the button to scroll the 
calculations down the page. She then grabs her mechanical pencil again with her right hand, and uses it to 
point at the same diagram on the screen (now in colour). She says, “everything in black is just stresses due to 
torsion”, and spends the next couple of minutes further explaining the stresses acting on the weld. She 
gestures with both hands to illustrate the directions or rotations that the forces act in, and she also uses her 
mechanical pencil in her right hand to pretend as if she’s writing on the screen. At times, she keeps her left 
index finger pointing at a term on the screen while she reaches over and with the tip of her pencil indicates 
the corresponding terms in the printed calculations to her right. 
#B7 She points to the diagram and explains, “at this particular point on the weld, the stress will be highest, 
because that’s where the shear stress and the torsion stress act in the same direction.” She points out how at 
other locations around the weld, the arrows are “in different directions”, so the forces “aren’t working 
together.” 
#B8 Michelle explanation moves on to bending stresses, the third type of stress acting on the weld. She 
reiterates that the force diagram currently includes only the torsional and shear forces, and sketches an 
arrow on the small set of axes and then gestures to show François the directions that the bending stresses act 
in. Using her hand-drawn, dimensioned sketch of the tube being welded in combination with the 
calculation printout, she indicates how the ‘bending moments’ (analogous to forces but in a ‘bending’ 
orientation) arise. She then writes a general formula for calculating ‘bending stress’ (the stress due to the 
bending moments) on the calculation printout, and show how each of the terms in her printout match the 
general terms in the bending stress formula.  
#B9 She explains that normally the calculations would result in a value for bending stress, drawing a 
horizontal line on the right side of the calculation printout, “But we don’t know how thick this weld here is, 
so everything is just in terms of t at the moment.” She then shows François how to calculate the ‘resultant 
stress’, that is, the stress resulting from the combination of all the stresses on the weld (including the 
torsional and bending stresses she has just discussed). As her explanation unfolds, she draws a circle 
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representing the weld, draws two arrows with the symbols representing ‘bending stress’ and ‘torsional 
stress’, and then draws a third arrow and writes ‘Resultant’ next to this arrow. 
#B10 Having explained how she calculated the stress acting in the weld, Michelle then flips over the page of 
her calculations, and says, “OK, now this is the bit I’m, not sure of.” She tells François that the next step is to 
choose a weld material so that it has the right strength. “You want them to be fairly similar,” she says - if the 
weld is too strong, the tube will break before the weld does, which is a less desirable mode of failure than if 
the weld breaks first. She draws an equation on the printout as she speaks. 
[In Section 5.1 #B11 Michelle says “So we’ve got S Y S divided by Factor of Safety to be less than Sigma Max 
of the Tube so you work out this based on this formula, so you’ve got that, and your factor of safety is going 
to be two point five, so you’ve got that, and you’ve worked out that, and you’ve just got to see to make sure 
it’s smaller. Cause at the moment, cause we don’t know the thickness of the weld we’re just going to guess 
those and put them in there and see if it’s smaller than that, or bigger. We’ll see what happens, so… 
hopefully!”] 
[In Section 5.1 #B12 She turns back to the computer, grabs the mouse with her right hand and starts 
scrolling back through her calculations by clicking repeatedly on the down arrow on the scroll bar. She 
silently points up to the screen with her left hand as she’s scrolling down. When she reaches the right spot 
in the calculations, she simultaneously points at part of the calculations with her left forefinger and the 
mouse cursor, saying “at the moment, I’ve just guessed it [the weld] to be ten [millimetres]”. She tells 
François how she chose a weld material ‘out of the reference’ that had a certain ‘yield stress’ (synonymous 
with ‘yield strength’ or ‘stress at failure’). She explains that based on those values for weld strength and size, 
“at the moment that’s coming out to be twenty-nine…megapascals, which is what we’re allowed to have 
(tapping her notebook), and at the moment we’ve only got point seven, so that’s heaps.” She points on the 
screen at the stress and then the yield strength, saying “so that’s gotta be less than that, and that’s heaps less 
so we could probably make that weld smaller.” She says “That seems to be a bit small, so something could be 
wrong” and laughs. She clicks on the mouse to scroll up the screen, changes the value for weld thickness to 
8 millimetres in the calculations by typing on the keyboard, then scrolls back down and says “that’s 
interesting, it’s still small, so I think… something could be majorly wrong.” She scrolls back up, reduces the 
value for weld size again, scrolls back down to check the result, and says “still too small.” She chuckles and 
François smiles and starts flicking through the printout of Michelle’s calculations.] 
#B13 Michelle asks, “Did you understand it?” and François nods to confirm, and they work silently for a 
while, Michelle clicking the mouse to scroll through the calculations, and François flipping through the 
pages of the calculation printout. François asks, “Do you have a scheme of this… this here?” Michelle 
doesn’t understand him and asks what he means, and he says “a diagramme with the distance.” She says, 
“oh, OK,” grabs her notebook, points to the sketch she has made of the tube to be welded and says, “this is 
all I’ve got at the moment.” She explains how the dimensions in the calculations (such as ‘z1, z2’) relate to 
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the dimensions she has drawn on her sketch, which are numerical values. She annotates her notebook with 
the variable names ‘z1, z2’ next to the numerical values. 
#B14 Michelle then goes back to her work at the computer. She is comparing the calculations on the screen 
to what she has in her notebook, and is mumbling under her breath as she checks for correspondence 
between the two. She uses her right hand to hold the pen as a pointer on her notebook, and uses her left 
hand alternately to point at terms on the screen or to use the arrow keys on the keyboard to scroll up and 
down through the calculations. She mimes writing with the tip of the pen on the notebook while still 
looking at the screen. 
[In Section 5.1 #B15 François is next to Michelle looking at the screen and he says he thinks he has found a 
mistake. He reaches across her and points at a particular line on the calculations displayed on the screen. He 
explains that he thinks the terms in the calculation should be squared and subtracted, not just substracted. 
Michelle agrees, writes for a couple of seconds in her notebook then puts her pen down, reaches over to 
pick up the keyboard from left of the computer and puts it on the desk in front of her. She uses the mouse to 
move the cursor to the appropriate line on the screen then uses the keyboard to edit the calculations. Then 
she scrolls down the calculations and says ‘lets see where that gets us - which direction it’s going in’. When 
she sees the result she laughs and says ‘back to the starting point – it’s the same as for the ten mil weld’.] 
#B16 Michelle goes back to comparing the calculations on screen with those in her notebook, and François 
continues poring over the calculation printout, using his pen as a pointer as he reads down the page. 
Michelle puts the fingers of her left hand up to touch the left of the screen and then to point at a diagram on 
her notebook as she uses the pen in her right hand to point at calculations further down the notebook. She 
uses the mouse to scroll the screen down, then annotates the calculations in her notebook. Michelle is talks 
to herself as she works through the calculations on the screen, and François looks over at her notebook and 
uses his pen to point at some of the dimensions at the diagram in the notebook, and then as she moves her 
hand over to the notebook he withdraws his pen back to the calculation printout but keeps looking at the 
notebook. 
#B17 François flips through the following two pages of the printed calculations, and Michelle flips over the 
notebook to show the next page of handwritten calculations, and scrolls down the screen using the mouse. 
She uses her pen to point at some of the dimensions on the diagram in the notebook, then looks over to 
François on her right and asks “Did you find another one?”, and he replies that he hasn’t. 
#B18 Michelle keeps talking her way through the calculations, with her left hand on the screen and her 
right hand holding a pen over her notebook. She mumbles and mimes as if she’s writing on the notebook as 
she talks through the calculations on the screen, then grabs the keyboard again and edits the calculations in 
a few different spots, using the mouse or the arrow keys to navigate through the calculations. 
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SECTION C – ROB PHONES THE CLIENT 
[In Section 7.2 #C1 Rob is sitting at his desk, just around the corner from where Michelle and François are 
sitting at Michelle’s desk. To his right on the desk is the computer keyboard, mouse and monitor, 
immediately in front of him is a small yellow memo pad with some notes on it, and to the left of that is an 
A4-sized line drawing of the machine as viewed from the side. The line drawing has some extra lines, 
dimensions and notes handwritten on it. He picks up the phone and dials a number, and greets Andrew, his 
liason within the client company. He is holding the phone in his left hand, but he’s holding that arm across 
his body so the phone is in his right ear. 
#C2 He engages in a few pleasantries, then says ‘I was just wondering how high you wanted to be able to lift 
up the arm at the front’. After a pause, he says, ‘Oh OK, well it’s not as high as the wheel … so, say, one… 
one and a half metres, or something like that?’ He writes on the yellow memo pad as he talks and then 
listens to Andrew’s response.  
#C3 He swaps the phone over to his right hand and gestures in a flapping motion with his left as he says 
‘And …the angle that you want to be able to tilt the bucket through or the forks, do you know what that 
would be at the moment?’ After another pause, during which he writes on the pad, he says  ‘OK and how 
about how far up do you want to be able to tilt it up?’, gesturing with his right hand. After a short pause he 
says, ‘uh-huh’, then ‘aaah, what do you mean by… ? Six hundred millimetres up or…?’ 
#C4 He swaps the phone back to his right hand again, and with his left hand he points at a spot on the line 
drawing in front of him. He says ‘aaah, I’m just talking about the uh … you’ve got the main boom, and the 
bit where the quick attachment is’ leaning in over the desk so he’s now closer to the drawing. 
#C5 He moves his left palm up and down and then points back on the line drawing as he says ‘well at the 
moment, I was basically after an angle you want to be able tilt … the bit where the quick attachment is, so 
where your bucket will attach and where your … your forklift will attach …’ 
#C6 After another pause he says ‘about forty five degrees, hmmm, ok that might make things tricky - it’s  
pretty tight in there but we’ll see what we can do’, jotting down notes on the yellow memo pad. 
#C7 Rob finally says ‘Righto, thanks Andrew, see you’, and hangs up the phone before saying ‘OK’ under his 
breath, and writing a few more notes on the memo pad.] 
 
SECTION D – ROB CHECKS MICHELLE’S MODEL 
#D1 Michelle calls Rob over to her desk and asks if he can check her calculations for the weld. Michelle asks 
Rob whether he thinks the weld stress will be very high: “Do you think there’s going to be much stress in it, 
like, to be honest, just looking at it?.” He replies, “Well… no.” He asks her if she’s calculated the stress in the 
tube (which is adjacent to the weld), and she replies that she hasn’t. Rob tells her he’s already done the 
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calculations in the tube and the stress comes out very low. Michelle asks him if that’s what he was joking 
about the other day, and Rob says, “Yeah I was saying that it was so low you could get away with the 
thinnest tube that they had but it would just look silly.” She asks him, “Do you want to check these anyway, 
just in case?,” and Rob grabs a chair from across the room and takes a seat between Michelle and François. 
#D2 She reaches across Rob to use the mouse and clicks a few times to scroll the calculations to the right 
spot. She starts by telling him that she chose the weld thickness as ten millimetres, and tells him that she’s 
assumed that the tube steel has a density of 7800 kg/m3. Rob grabs the mouse and clicks to scroll down the 
calculations, and says, “So you’ve got… thickness of weld is ten millimetres.” Michelle nods, then reaches 
across him to grab her notebook, and Rob leans back away from the desk.  She reaches up and puts her left 
hand on the edge of the screen, pointing to a line in the calculations, while with her right hand she points at 
the diagram she’s sketched in her notebook, the one showing the dimensions of the tube to be welded. She 
starts to explain how the symbols on the screen relate to her diagram. Rob says, “That’s the torque … that 
the motor is putting out?” and Michelle says, “Uh-huh.” She continues, “Umm, Z one is the mass of the tube 
up to the centroid, Z two … same thing, for the gearbox… T tube is the thickness of the tube, L is the length 
of the tube, is two-fifty, R O is just the distance… the distance…” Here, she starts to point with her pen to a 
different sketch above the one she was referring to, but then moves the notebook out of the way, reaches 
past Rob and grabs the calculation printout from in front of François. She flips through the pages of the 
printout until she finds a sketch she’s done earlier using blue pen. She continues explaining how the 
symbols in the calculations relate to the dimensions she has drawn on the sketch, then lets go of the 
calculation sheet and Rob pushes it to his right as her reaches forward to grab the mouse again. 
#D3 Rob clicks to scroll down the calculations and says, “OK … area of the tube, what’s that?” and Michelle 
replies, “That’s the actual … area of the tube.” She points up at the left side of the screen, directly 
horizontally from where Rob is moving the mouse cursor as he reads through the calculations under his 
breath. 
#D4 She continues explaining her calculations down the screen, until Rob asks, “Have you calculated a J for 
the tube or anything?” Michelle replies, “No this is all I’ve got for the weld” and then Rob says, “… cause the 
J of the tube will actually be twice the I of the tube.” Michelle nods in agreement and Rob keeps reading 
down the calculations. He says, “OK… stress, now you’ve got torsional stress…” and Michelle starts 
explaining her calculations again. In a few seconds Rob interrupts her, and says, “Hang on, what’s this M? 
that’s the moment…?” and Michelle says “Yep, so the torsion I’ve got equal to the moment times I of the 
weld.” Rob says, “No, it’s the outside of the weld, because that’s where your stress is highest.” Michelle 
reaches over to click the mouse, then types on the keyboard to edit the calculations. She then uses her left 
hand to press the arrow keys on the keyboard to scroll through the calculations as Rob says, “So torsional 
stress is… less than a megapascal.” 
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[In Section 5.1 #D5  
Rob says “now have you done the torsional stress by … the torque of the motor?” and Michelle replies “as 
in… by the actual shaft?”, picking up her pen and using it to point at the diagram in front of her. Rob 
reaches over to his right to grab the printed line drawing and places it flat on the desk in front of him.  The 
sheet has a few different views of the ‘head’ of the machine, and Rob puts his finger on the part of the 
drawing where the motor would be as he starts his explanation. He says “Well you basically have the motor 
here which is transmitting torque out to this, then when you have your reaction, your reaction torque has to 
come back through your gearbox, through this member here to the structure, so this member’s taking that 
torque, as a torque, as pure torque, so that will basically… if you actually call this a torque, which is what it 
is…”. Michelle says “so I just add that extra torque of the motor in there” and Rob replies, “you add that in 
there, which is quite a decent torque – that’ll… that’ll be the stall torque.”] 
#D6 Michelle types on the keyboard to edit the calculations. She tells Rob that the value for the stall torque 
is in another document, so he moves the cursor up to click on the ‘File’ menu, and then Michelle says “shaft” 
and points to one of the documents on the ‘recent files’ list. She reads off the value for the stall torque that 
she has written in these shaft calculations. Rob clicks back to the original calculations and says, “So that 
changes… quite a bit – it goes from ten to the four to ten to the seven [104 to 107] so we’ve got one 
megapascal there,” and Michelle laughs. 
#D7 They have reached the part of the calculations that shows the circular weld diagram that Michelle was 
explaining to François earlier. Michelle explains to Rob how she added the different types of stresses around 
the weld, and showed how at one particular point on the weld the total stress will be greatest because the 
individual stresses ‘add together’. Rob seems confused by this and says, “Well, there was no need to do that 
because the torsional stresses go all the way around,” and he leans over and gestures on the diagram showing 
on the screen. Michelle grabs her textbook and opens it at a page she has bookmarked, and says, “Oh, well 
these welds are with the other welds we did – there was actually a stress there because the centre’s not in 
the centre, it’s just because it’s a circle.” She gestures around a force diagram in the textbook as she explains 
why her calculations were done that way. 
#D8 She then puts the book and moves her left hand back up to point at the screen and gesture around the 
force diagram as she resumes her explanation. She taps down on the keyboard a few times to scroll the page 
down, then says, “I’ve worked out the bending about the x-axis,” and gestures with a flapping motion on the 
diagram in her handwritten notepad to indicate the direction she means. She spends a few seconds relating 
the dimensions on the sketch to the symbols she has used in the calculations on screen. She then says, “So 
you’ve got resultant stress, maximum shear stress, same as this example,” and points back to the diagram in 
the textbook. 
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#D9 Rob moves the mouse cursor to a line of the calculations and asks, “Do you want to put a three in here, 
I mean to give it a decent shear stress?” and Michelle replies, “I just did it straight… OK,” and types on the 
keyboard to edit the calculations, adding a 3 into the calculations. 
#D10 Rob says, “Will we put the new stress in?” clicking the mouse to highlight one of the terms in the 
calculations back up the page, and Michelle types on the keyboard to edit the value for stress. He then 
scrolls down the page and asks “So... how high is the allowable?” and Michelle points on the screen and 
replies, “Choosing this weld material, yield strength… I don’t know if this was just a factor in here but you 
said you need it?” She is pointing to a ‘2’ in the calculations on the screen, and Rob moves the mouse cursor 
to the same spot and clicks, creating a box highlighting the line in the calculations. He says, “Umm.. well 
that’s taken care of up here, I’ve put the three in there…” moving the mouse cursor up to where they edited 
the calculations a few seconds ago. Moving the cursor back down the screen, Rob then says, “We’ll put our 
safety factor back in,” and Michelle points to the screen and says “it’s already in there.” 
[In Section 5.3 #D11 Rob says, “OK … so… fifty-eight looks like we’re well…” and Michelle points at the 
bottom of the screen and says, “yeah that’s looking a lot better.” Rob leans forward again towards the desk, 
grabs the mouse, scrolls to a line earlier in the calculations and clicks on one of the terms in the calculations, 
saying, “so ten mil you were telling me about … we’ll replace that with six.” Michelle types on the keyboard 
to edit the value for weld size from 10mm to 6mm, then they check the value for the stress again. 
#D12 Rob sits back in the chair and reaches to the right side of the desk in front of him to grab the 
AutoCAD printout. He says “so if we use a six mil weld we’ll still have the … that’ll give you the strength 
there … make it a minimum of six” as he looks over the drawing.] 
#D13 Rob then says, “OK so what about if you change… cause there’s the inside weld as well,” pointing at a 
spot on the AutoCAD printout in front of him. He leans forward to grab the mouse again and says, “So if you 
change … if I just make this…” and clicks on one of the terms in the equations, highlighting it ready for 
editing, and pauses for a few seconds.  
#D14 He then moves the cursor down, clicks on the ‘Start’ menu and navigates through the menus to run 
the Calculator program. He waits at this screen for a few seconds without doing anything, then closes the 
Calculator, clicks to a spot in the calculations and reaches over to grab the keyboard from in front of 
Michelle and place it in front of him. He types for a few seconds on the keyboard, then says, “OK, so the 
inside weld will be that, which is … minus the thickness of the tube and minus the thickness of the weld.” 
[In Section 8.2 #D15 As he keeps scrolling down the calculations page he says ‘so that’ll have the same loads 
going through it, and if you use all those exact same loads and just do a…’. He pauses and then says ‘why did 
you use I tube there?’, clicking on a term in the calculations to highlight it. Michelle replies ‘I just did M Y 
on I, it’s supposed to be J but…’ and Rob interrupts ‘but this is not the tube… you’re still doing calculations 
for the … weld’. Michelle says ‘oh, I just call it tube to distinguish it from the other … it’s just cause I was 
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doing it at the tube’. Rob says ‘so I tube is actually … I of the weld?’ and Michelle says ‘well.. I of the weld 
tube’, to which Rob responds, ‘well, J actually, just to confuse me’, rolls his head and laughs. 
#D16 He says ‘I was going to say you can do the same calculations for the tube but it won’t make any 
difference because your stress is going to be smaller, because its thickness is greater than that’, moving the 
line drawing in front of him and pointing with his little finger at part of the drawing. He continues, ‘So you 
can calculate the J of this circular hollow section, just to distinguish it from the tube, and the I of the 
circular hollow section, and you can use the same loads to get the stress, but it’s going to be less, so we don’t 
have to do it just now.’] 
#D17 The clock beeps, and Rob laughs and says, “Well Nathan’s ten minutes has taken … almost an hour.” 
Looking over at François, he says, “you’ll get to learn that when Nathan says he’ll do something in ten 
minutes, he’ll be an hour or so,” and François laughs. Michelle says, “Oh, I was doing the weld calcs and I 
told him if I could see him later and he said to call, and that was ten minutes ago,” to which Rob replies, 
“Oh… well you can’t call him now because he’s on the phone,” gesturing with the paper in his hand 
towards the phone sitting on the desk. Michelle laughs and says “He’s always on the phone!” 
#D18 Rob then says, “OK, well in that case, that looks like I can go…” and Michelle says, “I can keep fixing 
up the calcs too, cause I… forgot to add something in there, so I’ve just got to sit down and do that.” Rob 
responds, “OK well do you two want to do that, and I’ll try and remember what I was doing?” and gets up 
out of his chair. Michelle says, “here, you can have this back now,” giving him the AutoCAD printout, and 
he thanks her and walks back to his desk around the corner. 
SECTION E – SECOND GROUP MEETING 
#E1 Nathan leaves his office and walks in to the common workspace soon thereafter, and asks if the others 
are free to meet. Rob comes over from his desk carrying a couple of loose sheets of paper, and Michelle and 
François swivel in their chairs and wheel over to the side of the room, facing into the centre of the 
workspace. Rob says, “What I might actually do is … blow each of these up into a big drawing so I can show 
it to you,” and walks back out of the room. Nathan and Michelle chat about another project while they wait 
for Rob. Michelle asks how ‘the fire stuff’ is going, and Nathan replies that he will start modelling. Nathan 
explains that the client does experiments in fire propagation in buildings, and they have a lot of movable 
concrete walls and furnishings that they can set alight to see how it burns. I ask how the different wall 
materials affect the behaviour of the fire, and Nathan explains how the wall material can certainly affect 
things when they’re doing ‘flashover’ tests where they’re trying to generate a ‘huge fireball’, so in those 
cases they line the walls with different materials to absorb some of the heat instead of radiating it back. 
Nathan explains that the concrete does eventually ‘spall’ from the heat, so they do eventually have to 
replace it. 
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#E2 By this stage, Rob has walked over to the printer and picked up the new printouts, and he now sits on a 
chair facing Nathan, François and Michelle. In his left hand he holds the sheet up to his left, and he reaches 
across to gesture at the drawing with a pen as he begins his explanation. 
[In Section 7.2 #E3 He says, ‘OK, I’ll see if I can explain what we’ve got here - this is our [part name 
omitted] through the centre, shaft on one side with its bearing housing, shaft on the other side, with the 
spline, connected to the gearbox, with its bearing housing… now we have to bolt all of that basically onto 
the frame somehow  … and the attachments for the bolts in the gearbox are out here so we’ve got flange 
connected to a circular hollow section…or welded to a circular hollow section … another weld, to another 
flange to bolt through there and there to our bearing housing, and then we’ve got quite a large twenty five 
millimetre thick flange welded on the very outside of the ahh … box fork section … and it’s gonna have 
bolts through it basically so that all then bolts to the frame on that side.’] 
[In Section 7.3 #E4 At this point, Rob slides his chair over to Michelle’s desk to grab the sheet of paper with 
a different line drawing on it. He wheels his chair back to where he was, and holds the two pieces of paper 
up to show the others. He spends a few seconds shuffling them and rotating them relative to each other, one 
in each hand, saying ‘…and it comes out… sort of … looking more… that’s your … top view, this is your 
front view…’. After trying a few configurations of the sheets, he eventually grabs both the pages with his 
left hand. 
#E5 He then starts relating features on the ‘front view’ drawing to the corresponding view of the same 
features on the ‘top view’ drawing. He say ‘so this circle here is basically the outside flange of the bearing 
housing OK so that whole thing has to fit inside this flange of the aah… structure, so there’s a gap all along 
here basically for that to go up in there… and the flange… that flange there on the structure is actually this 
bit which goes up around here and also goes down there  … and back up to that seal  … OK then this flange 
here is basically a similar shape, except that it has this little bit filleted in here.’] 
#E6 Rob continues explaining how the assembly is laid out and how the drawings relate. When Rob shows 
how he has designed “this little filleted bit in here”, Nathan asks, “Why do you need that?” Rob says, “So… 
it was basically so it would look a bit nicer – it could have been just coming across or something, but… you 
need a gap in here, you could have brought it all the way down, like this bit, comes all the way across, but 
you need a gap in there to get your hand up underneath… to stick a bolt up there,” executing a serious of 
gestures around the sketch as he speaks. Nathan says, “Oh, OK,” and then Rob talks a little more about other 
considerations he had while designing it, such as the placement of bolt holes to ensure it would be possible 
to assemble and dissasemble. Nathan then asks, “Can you fit your hand in that space?,” and Rob answers, 
“well my… estimates are that you can… I can check it again, but I’ve actually measured that gap there, and 
practised sticking my hand through and sticking it up the height they have to get it.” Nathan suggests he 
makes a ‘cardboard cutout’ to see if it is possible, and Rob says he was going to print it out full size to try it 
but it was “way bigger than an A4 sheet.” 
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[In Section 6.2 #E7 Rob gestures around the printout as he explains ‘… and that works out reasonably well 
because … well basically because the aahhh… this is where my um box section comes out , and that sort of 
fits nicely to the width of my box section, and I want my other box section on the other side to be the same 
width but it doesn’t work quite as nicely basically because … it’s a smaller bearing… small bearing housing 
on that side… it’s not as wide.’ He then says ‘… so the dilemma for that one is… do I make the box section 
on this side just smaller where that mounts and then make it bigger later on, umm …’ At this point, he 
pauses for a few seconds. 
#E8 He continues his explanation, still gesturing with the pen in his free hand to point out parts of the 
drawing as he says ‘this is where I’ve drawn the bearing housing in, and that line there and that line there 
are currently the current outer dimensions of my other box … but… I have a flange that bolts on to here 
that has to go in there, and this one has to be basically … this one has to attach to that one and this one has 
to be… outside… that one.. otherwise… you could put this flange on the outside here, like that one is, but 
then this one has to come up through it, so there’s actually got to be a cut up through the thing and then 
there’s actually nothing to weld the flange on to, so it’s not going to work.’ At, this point, he shrugs and 
laughs. ‘You have to have this flange on the structure inside that one, so basically the structure will be in to 
here instead of out here. I’m not sure whether that’s a problem.’] 
#E9 Nathan asks Rob what he’s doing about sealing, and Rob uses his pen to point at the drawing and 
answers, “I’ve put in an LS Tackanite seal – because basically it takes about twenty mil there and you don’t 
need… the structure…right up against that, so that’s given me more clearance for if you’ve got… bolts 
coming through here.” He indicates by miming as if he’s drawing lines on the diagram to show where the 
bolts would be. He continues explaining why he didn’t worry about making the design more compact, 
because “it needed clearance for the … bolt heads and stuff anyway.” 
#E10 Rob continues gesturing as he says, “So basically what I’m asking is … do you reckon it’s OK to move 
… to make this box section not as wide, or are there any other smart ideas as to how to… connect the 
bearing housing to the structure?” 
#E11 There is a short pause before he continues, saying, “The reason I’m using … instead of bolting that 
directly to this … flange… or… the reason I’m using another flange which has to go outside and have all 
these bits outside is basically because you’ve got a box structure and… if you bolted this directly to the 
frame and that’s the outside, you could possibly get these three in here but there’s no way you could get 
your arm around to get the top bolt in, unless you had holes in the structure you could put your arm 
through to get the bolts on.” He gestures as he talks to point out the relevant parts on the drawing, and also 
to mime the action of reaching in to try and insert the top bolt. 
#E12 Nathan asks, “Is there enough clearance there for the bolt heads on the wheel.. in your drawing?” and 
Rob shuffles the two drawings around to find the right spot on the drawing. He replies, “On this wheel? 
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(pointing with his pen) Yeah that’s what I was talking about before.” Nathan continues, “Well, for a spanner 
as well as bolt heads?” Rob says “To get a spanner in there?... you’ve basically got …. between the… that’s 
twenty-five mil… that’s another nineteen…. so you’ve got… fourty-four millimetres”, using his pen tip to 
keep track of the dimensions as he’s adding them up. 
#E13 Nathan asks, “How about the… around the back of the wheel where you’ve got to get back into the 
fork itself?” and Michelle reaches over and points out the relevant spot on the drawing as Nathan keeps 
saying “… the ones at the front are OK but what about getting a spanner in?” Rob asks, “What… to undo the 
bolts on the wheel? well, you’ve got to drop the whole thing out anyway,” and Nathan says, “yeah yeah 
that’s right, now I remember.” Rob explains that even if you wanted to undo the bolts while the wheel was 
still on, it would be possible, but that “You have to drop the whole thing out anyway. So to drop the whole 
thing out you essentially undo these seven bolts here (jabbing his pen on different spots on the drawing) and 
something similar on the other side, and the whole thing just drops out.” 
#E14 There is a silence for about 30 seconds, then Nathan says, “How are you attaching it? Any other ideas 
for attachment to the…?” Rob wheels his chair over to the whiteboard, and sits the sketch on the tray at the 
bottom normally used for pens. Nathan grabs a roll of tape, takes off a piece, walks over to Rob and gives 
him the tape. Rob sticks the two AutoCAD printouts side by side so they are hanging off the bottom of the 
whiteboard. All four team members then look at the drawings from where they are sitting throughout the 
room. 
#E15 Rob points to a part on the drawing and says, “Initially I’d made these flanges into small ten-
millimetre thick steel plate, then I thought it would be nice to have something nice and strong out there in 
case they don’t have the wheel in there and they bash it into something, and that’s the bit that… these bits 
will be what sticks out the furtherest, so… they’re now twenty-five millimetre thick plate flanges, and 
that’ll also help stiffen up the end bit, seeing as that’s not going to be a complete box section, as it has it’s 
bottom missing,” reaching over to point out the feature on the drawing. 
#E16 Nathan asks, “Are you putting a wall in?” and Rob says, “This?” pointing to a feature on the drawing. 
Rob then says, “Yeah I want to put a wall in down the side of this,” tracing a line on the drawing, and 
Nathan says, “Yeah OK, to fill in the rest of the box structure,” to which Rob replies, “Yeah, so you won’t 
have dust getting into it.” He points at another section and says, “You may get dust on… but I’m not sure 
sure if I’m gonna make that a ledge.” He makes a dismissive gesture towards the drawing and says, “We’ll 
see.” 
#E17 After another long silence, Rob asks, ‘So… ah… plus with this one the bearing housing is a smaller 
diameter as well – the hole doesn’t have to be as big, but the whole thing still has to go outside to … to that 
shape, so I might as well make the outer flange the same size and shape as that.” He is gesturing between the 
drawings of the two different sides of the wheel assembly. 
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[In Section 7.3#E18 Nathan says ‘that flange around the outside of the bottom drawing – what’s that actually 
bolting to?’, and Rob points with his pen on the drawing on the right as he replies ‘well there’ll be two 
flanges that are basically exactly the same shape, there will be that one and that one, they’re both twenty-
five millimetres thick, one of them is welded…to the structure’, moving his pen over to the drawing on the 
left. Nathan says ‘ oh OK, so that outer one is welded to the structure’, and Rob continues, ‘that, this is the 
structure thickness that goes around here, so it’s gonna be welded all the way along there’, tracing the pen 
along a line on the left drawing, ‘… and all down here and welded to the … inside plate which is sealing 
that off.’ 
#E19 Rob continues ‘So that’s what it’s welded to, and then you have basically an almost identical shaped 
one – it’s only this thin bit, it’s only thin around here’, tracing a line on the drawing, then you have an 
almost identical shaped one which actually bolts on to that…’ circling a different component on the 
drawing, and Nathan says ‘oh, OK, yep’. Rob reaches over to the right drawing and marks a small vertical 
line as he says ‘… through these bolts here…’ then reaches back to gesture around the drawing on the left, 
‘so it starts in thinner, and goes out to that shape, but then it has this little bit in here and also comes out 
fully across here’.] 
#E20 Nathan says, ‘Can you weld that to the housing? Does it have to be bolted?” and Rob answers, “Well 
the housing I assume is cast, so you don’t want to weld to anything that’s cast and it’s already got its six 
bolts… bolt holes in it.” Nathan says, “Oh, so is this an off-the-shelf bearing housing? OK.” Rob says, “Yeah 
if it was one that we were making I suppose you’d just…” and Nathan says, “Weld it up.” Rob leans over to 
point at the sketch and says, “It only has its one flange – you wouldn’t bother bolting it to anything else this 
flange that you wanted to come all the way out.” 
[In Section 5.3 #E21 Nathan says, “And you’ve checked that for hanging the … motor and everything off?” 
Rob smiles and says, “yes, it shall eat it. Michelle was just doing the weld calculations.” and Michelle says, 
“yep, was just doing them now.” Rob reaches over and points to the welds on the drawing and says, “They 
were for the welds in here … and in here … and in the worse case we got … something like thirty-eight 
megapascals.” Michelle says, “fifty-eight was the allowable” and Rob echoes “fifty-eight was the allowable, 
taking into account the … fatigue and our safety factor and whatnot … and that’s transmitting the stall 
torque, and also the weight hanging off the structure, and most of that load is the stall torque, not the 
weight hanging of the structure.” After a few seconds, Nathan says “uh-huh”. Rob leans over to gesture 
again at the drawing  as he continues, “the weight hanging off the structure was like less then a megapascal, 
and this was with six millimetre welds, and that’s a twelve-point-seven millimetre thick… ah… circular 
hollow section , so the stress is going to be much less than in the weld … I think when we did check that at 
ten millimetre thick weld, it was … eighteen megapascals stress”] 
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#E22 No-one speaks for about thirty seconds, during which time everyone keeps looking at the drawings. 
Nathan says, ‘So are you looking at ways to attach it… other than those flanges, or…?” and Rob leans back 
in his chair and replies, “Yeah, any other bright ideas?” Nathan says “… for attaching the whole assembly?” 
#E23 Nathan thanks the administrative assistant, who has just brought him a cup of coffee. Rob uses his pen 
to point at first one and then the other bearing, saying, “Well… that one I’m pretty happy with. This one… 
all we have to do is bolt the bearing housing on, we don’t have to worry about the… gearbox and 
everything, so if we can come up with a simpler method for attaching the bearing housing on this side…” 
pointing to the other drawing. As he talks, the administrative assistant cuts through and passes François a 
coffee. Rob covers the drawing on the left (end view) with his hand, and says “That’s… not worth looking 
at, but the one on this side, which is a smaller bearing housing… as I said, I can just basically do it in the 
same way – just make that box section not quite as wide on that side…” as he gestures with his pen between 
the two drawings. He continues, “… and maybe …step it out or something, so it is just as wide… just after 
that… or I can just gradually… the choice is, do I step it out so it then becomes the same width and they 
have the same shape all the way back, so…all the panels they cut out will be exactly the same… (gesturing 
to illustrate a fixed width) … or do I make it just slightly different and angle it out more than the other one 
(moving one hand outwards to indicate an angled panel) …and that way it’ll have it’s own… unique panel... 
they’re the choices.” 
#E24 After a pause of about 15 seconds, he continues, “It probably doesn’t make much difference, with the 
small number of machines they’re actually gonna make,” and Nathan agrees.  Michelle says, “Still, we want 
to make it nice and …” and Rob says “Yes, we do.” 
#E25 Nathan says, “Would you consider just casting the whole nose of the machine?... do those flanges and 
everything all in one piece, and then bolting it straight onto the box section? … or you reckon the stresses 
would be too high in the bolts?... rather fabricate it all up?” Rob says, “Err … I don’t think it really lent itself 
well to casting, but… you may be picturing something different in your head to what I am!” and laughs. 
Nathan says, ‘Oh… well, most of the components on bulldozers and stuff like that … so they’re all cast 
steel…all the things that hold the… bucket out and all their connections… and basically all the things that 
are on the back of the bucket that are welded on to the bucket itself are all … cast steel. I suppose if you’re 
not going to make too many of them it doesn’t really matter. It also depends on their production, and this is 
a prototype too, so…” and Rob says “yeah.” 
[In Section 8.1 #E26 Nathan says ‘aaah, where’s the grease line coming into for your bearing housing? Or 
were you just going to go with grease nipples?’ Rob flicks his pen as he swivels on his chair, scratches his 
chin and says ‘aahh I think the… I’ll just have to have a look at the bearing housing…’ and as he gets out of 
his chair and walks towards the back room he says ‘… but at some stage it may have to go through the 
structure.’ He comes back in a few seconds with a component catalogue, sits back on his chair, puts the book 
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on his lap and starts flicking through it. It has a number of Post-Its stuck in the tops of different pages. 
Nathan asks ‘do you like this kind of design work François?’ And François nods and says ‘yes’. 
#E27 Rob has flicked to the page he is after, and he swivels and wheels his chair back to where Michelle and 
Nathan can see it. He says ‘OK, so this is our bearing housing… pointing with his pen at the diagram, then 
he flicks back a page briefly, then flicks forward again and says ‘I’m not … I’m not a hundred percent sure 
where the grease nipple is. It needs grease coming in here for these seals. That could possibly be a grease 
nipple there’ pointing with his pen. Michelle says ‘it’s got a thing to clip on’, and Rob says ‘yeah’ and lifts the 
catalogue over to where Nathan is sitting on the edge of the desk. Nathan puts down his coffee mug and 
holds the catalogue in front of him as he reads it. 
#E28 Rob gets up from his chair and says ‘I’ll grab the seals’, walking out of the room as Nathan looks at the 
diagram and says ‘oh yeah that’d be it’. Nathan flicks through some of the adjacent pages and looks at the 
bearing schematics on each page. He rests his hand on one of the pages, then with his index finger slides 
down the list of bearing sizes underneath the diagram. 
#E29 Rob returns to his chair with some loose sheets of paper (the seal schematics) and says ‘and the other 
thing is whether we need a special… aah…’ and he wheels his chair over to the assembly schematics taped 
onto the whiteboard. He points at a spot on the drawing and continues ‘apparently they’ve got… these are 
the seals we were looking at … you know, those LS TAC-type seals…they have like a…’ and then rolls back 
to show Nathan, ‘a little labyrinth through there’ pointing to a part of the seal schematic, ‘and they also have 
a … this … little oil seal or something in here’ and Nathan says ‘mm-hmm’ to confirm. Rob continues as he 
points with his pen ‘and they also have this grease nipple here which purges the seal’, and he traces the path 
the grease would take to ‘purge’ as he speaks. He then points at another schematic on the page and says ‘or 
you can just have the LS seal – which is like an LS TAC seal, which doesn’t have the grease nipple, but… ’ 
and Nathan interrupts and says ‘… yeah I think it would be useful because there’s lots of fine dust.’ Rob 
replies ‘uh-huh … powder’. 
#E30 Rob rolls over to the whiteboard and points at one side of the gearbox, saying ‘now apparently… like, I 
know we definitely need those … that side of the bearing housing and this side of the bearing housing, 
because that’s where everything is…’ pointing on either side of the main wheel, and Nathan says ‘uh-huh’, 
and Rob says ‘and this end is gonna be a closed end anyway so that doesn’t need it’, pointing at the bottom 
of the drawing.  
Nathan says ‘aahh… what holds the grease in the bearing then?’ and Rob replies ‘the bearing will be 
sealed…closed on the other side of this’, pointing to the closed end. Nathan says ‘oh are you using sealed… 
closed bearings are you?’ and Rob wheels his chair over to where Nathan is holding the catalogue, and says 
‘well… no… the housing will be closed… see you can have the… this side fully closed if you want… 
because the shaft doesn’t penetrate through it … the shaft stops there’, pointing first at the schematic 
Nathan is holding, then gesturing to illustrate what he means. Nathan says ‘oh, OK… OK… aahh… but the 
Things to Think With 
 288  
grease has got to get out somehow…’, and Rob responds ‘well… it goes out through the… side, only the one 
side where it seals, doesn’t it?’ Nathan says ‘I guess so… cause normally…’ and Rob responds ‘it comes out 
where the seal is’ and Nathan says ‘yeah… it’ll have to… cause you’ve just gotta purge all the old grease out 
of it.’ 
#E31 Rob says ‘yeah…’, and Nathan continues ‘OK yep, but it’s gotta, it’s gotta actually move through the 
bearing, though, so it’s gotta come through the one side where the grease nipple is, move through the 
bearing and then out through the seal, you can’t have it go… on one side of the bearing, you know what I 
mean? You can’t have it going in the grease nipple and coming straight out the seal, it’s gotta actually move 
through the bearing.’ 
#E32 Rob by this stage has rolled over and is looking at the bearing schematic that Nathan is holding, and he 
says ‘oh OK, well they don’t actually show these ones but it … um… being closed but in this one you’ve got 
the option of having it closed, and the same with all these ones, closed at either end, I didn’t actually check 
that you could with these, or we could just put an ordinary seal on this side’, as they both flick back and 
forth across different pages showing various bearing types. 
#E33 Rob wheels his chair back over to the whiteboard and points at various points on the schematic, saying 
says ‘my other question was … do we need… one of these LS TAC seals’, pointing on the seal schematic 
then up at the line drawing as he continues ‘… on this other side, where basically you’ve got it enclosed… 
between the gearbox and your ahh… your tubed hollow section, so basically you shouldn’t be getting and 
dust through the… through where it’s bolted to the flanges… so you may not need quite as good seals on 
this end of the bearing housing.’ 
#E34 Nathan says ‘you could seal that with an O-ring there if you wanted to, and Rob looks at the seal sheet 
he’s holding and responds ‘well they’ve got felt seals… umm… can’t get the z seals that high…’ Nathan says 
‘I don’t think anything could get in there anyway, could it?’, and Rob wheels his chair over to Nathan and 
says ‘it’s a poor sealing option, it says, but that’s… just the felt seal is the standard seal…’  and starts reading 
text off the seal page as he scans across the lines with the tip of his pen, ‘standard sealing in all conditions 
limiting speeds three to four metres per second … that’s another option’.  
#E35 Nathan says ‘oh no, is there any reason to seal that area? Doesn’t matter if that fills up with dust, does 
it?’ and Rob replies ‘well you don’t want it coming into the bearing housing.’ Nathan says ‘uhh no but 
you’ve got a seal on that, haven’t you?’. Rob says ‘what, in the middle of the flanges?’ Nathan says ‘yeah’ Rob 
pauses for a few seconds, looking at the schematic stuck on the whiteboard, and says ‘um… I haven’t put 
anything in there yet, but I guess you could use some kind of gasket…’ and Nathan says ‘yeah, well an o-
ring or a gasket or… something, if you want to, but then … that makes the joint… a gasket will make it 
flexible, whereas an o-ring won’t’. Rob says ‘well do we even need to bother about sealing that?’ and Nathan 
says ‘yeah well that’s what I’m thinking – I wouldn’t possibly even bother… as long as the bearing housing 
is completely sealed….’ Rob wheels over to the whiteboard and points on the line drawing, saying ‘well… 
  Appendix – Transcript of Video Data 
 289 
yeah, well I wasn’t going to seal these surfaces at all’ pointing at the join between the gearbox and circular 
hollow section, ‘… I was just wondering what kind of seal I would put on this side of the bearing housing…’ 
pointing further down. He continues, “Do I need the felt seal, or the TAC seal?’ He uses his pen to point 
between the schematics of the two seals on the seal sheet. Nathan says ‘yeah ohhh I’d go the TAC seal, or… 
something decent… for the sake of the seal I think it’s a good… option.’ Rob says ‘cause that’s the way I’ve 
drawn it up… with a seal on both sides, but then I thought do I need it on the other side?... and that one’ 
pointing with his piece of paper at the bottom bearing housing ‘I’ve gotta find out whether it’s…’ and 
Michelle says ‘whether it can be closed’ as Rob wheels back to Nathan as he continues saying ‘whether it 
can be closed at that end… or whether we want it open, and if so I just have to make the shaft longer… so it 
just sticks out there… it says hi! Here I am! Spin, spin, spin!’ Nathan says ‘oh no, as long as the grease can 
flow through the bearing, you’re probably better off having a closed end, aren’t you?’ 
#E36 Rob gestures as he says ‘yeah I’d rather have a closed end because if it is open, you’ve have a bit of 
shaft sticking out which would be spinning, which someone could actually touch.’ And Nathan says ‘yeah, 
well that’s not very good’ and Rob smiles at him and says ‘no’, shaking his head. Nathan points at the 
bearing shematic and says ‘I assume that is the grease port … as long as you can get flow… as long as you 
can get flow actually through the bearing somehow…’ and Rob peers at the schematic and asks ‘is there a 
note for n somewhere?’ . Nathan says ‘no, it’s just a thread, so it just can’t go anywhere… it’s not a flange, so 
it must be… a grease passage….’. He points more sharply at the diagram and traces his finger around it as he 
says ‘but it depends what they’ve done in here… like, whether, see that step in there? whether grease will 
actually flow round through here and then back through this way or … whether the flow will just take the 
quickest path out through the… shaft’ Nathan looks up from the book and says ‘we could probably put in 
our own… grease passage anyway … drill our own… block the original one and drill our own.’  
#E37 Rob says ‘yeah cause that one’ll be inside the structure and it’ll be hard to connect anything to… 
you’re better to connect to…’ and he pauses for a couple of seconds and looks over at the schematics 
hanging off the whiteboard. He continues ‘aahh… see which way it goes on… yeah that’s closed, you want 
to be able to put something there.’ Nathan speaks at the same time, saying ‘yeah well I mean if that’s closed, 
they’ll just put something there… do that.’  
#E38 Nathan asks ‘and on the other side? Is that the same?’, and Rob answers ‘well it’s open on both ends on 
the other side… ummm… but that’s the more outward… bit’ pointing to a spot on the bearing schematic. 
He continues as he looks over towards the schematics on the whiteboard ‘again it may be hard to get to… 
you may have to put a hole somewhere at the ahh… cause it’s all enclosed inside your… your… circular 
hollow tube.’ Nathan says ‘you might have to…’  and Rob jokes ‘might have to whack grease in that whole 
area!’ as he wheels back to look at the other schematics. 
#E39 Nathan asks ‘can you access that from the outside?’ and Rob answers ‘You could… depending on 
how… see if you make that… are the grease lines basically steel tube, to connect up? Or are they flexible… 
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poly tube?’ Nathan says ‘well it can be anything… can be flexible, but it’s gonna wear out or be severed 
easily.’ Rob mimes connecting the grease lines as he says ‘I think if it’s poly tube then you should… you 
know, line it up, bring it down over it and get in there and connect it up before you put it fully in place.’ 
Nathan gestures as he says ‘well ultimately what I was thinking was … I mean there’s grease lines on the 
original boom, you run solid steel tubing down the inside of the boom… you’d have flexible obviously each 
joint, and then the same at the quick coupling, you’ll have, it’ll come to two, to a flexible coupling over to 
your attachment, then it’ll go back to solid steel through your box… your forks structure, then out to 
flexible out at the ends… somehow… it’ll run along the side of your two hydraulic lines’ 
#E40 Rob says ‘you could run it… inside your tube or outside …the ones on that machine are actually on 
the outside of the tube, I think.’ Nathan says ‘oh, yeah, I’d put it on the inside…’. Michelle says ‘do they 
break? Do they break, like… if it’s on the inside…’ Rob says ‘makes it harder to get to if you have to repair 
them…’ 
#E41 Nathan says ‘how are they going to break if they’re solid steel?’ and Rob says ‘vibration… crack, I 
dunno’. Nathan says ‘well I guess you could weld them, tack them on the outside…’ and Robs says ‘I think 
they’d be more likely to break on the outside’ and Nathan laughs and says ‘oh well, put them on the inside!’ 
#E42 Nathan continues ‘I was envisaging having some access ports anyway … inside the machine… so you 
might have… might have a way of accessing it… mmmm but I’d use two decent seals on there and I 
wouldn’t worry about sealing the steel tube. It’ll be reasonably well protected, won’t it?’ and Rob says 
‘yeah’.] 
#E43 There is a silence for about 40 seconds as they all look at the schematic over on the whiteboard. Rob 
finally says, “OK, so we use the same option on the other side?” and Nathan answers, “I think so – makes for 
an easy manufacture.” Rob says, “OK I’ll draw it up. David was suggesting we get the drawing of the shaft to 
RockPro this week, so I’ll finish drawing that up and you can check it over, and Michelle can check it over 
as well… so I’ll send them the shaft, and possibly the… the flanges and circular hollow section to connect to 
the gearbox. The only other thing I had to check was see how those bolts actually go into that gearbox … 
like, they’ve given me a whole lot of bolt holes, but I assume they must be tapped…” and Nathan interrupts 
and says, “Tapped or through holes… easier to be tapped, wouldn’t it?” Rob answers, “Well I think it’d have 
to be. It’d be a long way to go through.” Nathan says, “Well I’m sure they could just to it to whatever you 
need,” and Rob says, “Yep, well I think from the drawing it just looks like they’re tapped, which is what 
suits me…so you have to bolt that flange onto the gearbox first… before you tried to connect the gearbox to 
the shaft… cause once you’ve done that you can’t access those bolts.” Nathan says, “No… do you know 
ahhh… how that… what the locating… is there a spigot or something on that end of the gearbox to locate 
it? There must be a spigot or some boss where the bolt holes are on the gearbox that actually locates the… 
gearbox… normally you have to have a spigot or a boss to line the centre up,” gesturing as he talks. Rob 
says, “OK, I’ll have a look at the drawing,” and walks over to his desk. 
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#E44 I ask, “who is RockPro?” and Nathan says, “Ahhh, it’s a hydraulic cylinder company and they… what 
they do they customise hydraulic cylinders so what you do is you come to them and say you want a 
hydraulic cylinder of dimension or whatever and they’ve got some big machining facilities so they can make 
some pretty large cylinders, but they’ve been dealing with [industry types] for some time, and they’ve seen 
this as an opportunity and they’ve spun off a new company to handle this machine, so this is the first 
prototype machine, then they intend to manufacture that machine and export it hopefully, if it’s a success.” 
#E45 Rob in the meantime has returned with a drawing of the gearbox that a contractor has supplied. He 
says, “Aah it’s not indicated in the drawing… it’s just twelve times sixteen diameter holes… doesn’t say that 
they’re tapped, unless they go all the way through.” Nathan says, “Unless that spigot is actually where that 
shaft mounts… see where the… where the…” and Rob points at a section of the drawing and says “there” 
and Nathan says, “yeah, see where … that’s probably what the locating aah …” He sighs and says, “Hmmm 
that’ll make it difficult, unless they machine one into that box face for us.” 
#E46 Nathan continues, “I think that’d be the easier option… for us… just get them to ummm.” He gets up 
off the desk and walks over to the drawings hanging on the whiteboard and draws on the drawing on the 
right as he says, “Get them to machine these corners in here, just like that or something… just so you’ve got 
something to locate the gearbox onto… they’d do that.” 
#E47 Nathan walks back over to the desk he was sitting on, and takes a sip of coffee from his mug, and says, 
“Yeah I’m pretty sure you need a boss or something… a spigot, to locate. Yeah, you’d better ask Frank to…” 
In the meantime, Rob has grabbed a catalogue from the adjacent bookshelf, and has put is on his lap under 
the gearbox drawing as he writes some notes on the gearbox sketch. Rob says, “OK, allright, well I’ll … get 
on to that… while you guys can go over that model.” 
#E48 Michelle moans and Nathan smiles and says, “alright” as he stands up and stretches. Rob stands up and 
walks towards his desk saying, “Do you want to grab the… directors chair?” and Nathan says, “rightio” and 
sits on Robs chair as Rob goes through to the back room and says “I’ll get another one.” Nathan wheels the 
chair over to Michelle’s computer, moves the catalogue over to the left of the keyboard, then puts his coffee 
mug at the edge of her desk in front of the computer. 
SECTION F – NATHAN DEBUGS HIS MODEL WITH MICHELLE 
#F1a Nathan opens the file on the computer for his prior geometry and force calculations, and says 
“Probably best to start with this… boom section” He starts explaining what the terms on the screen relate to 
on the boom arm. After a while, he picks up Michelle’s notebook, and flips to a page that has a diagram on it 
that Michelle has copied from his own work. Nathan starts writing on the sketch, and points with his pen to 
the sketch and gestures as he says, “Alpha is that… no… sorry, it’s that angle, plus whatever angle you’re 
moving it, so it’s moving it from it’s current position, so… and that’s what alpha is… alpha is the angle you 
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want to shove in there to actually move the beam upwards… so um, if alpha is smaller than the original 
angle…” At this point he’s looking at the screen, and he slows down and sounds a little unsure of himself. 
He stops speaking for a few seconds with his pen pointing at the screen as he looks down at the sketch in 
front of him. 
[In Section 6.3 #F1b With his pen pointed at a line of calculations on the screen {f1.1}, Nathan says ‘ummm 
that’s basically defining your new vector OA, and that’s…’ and Michelle interrupts ‘a new length and stuff? 
Or a new … distance…?’ Nathan says ‘no that’s the else statement, so if alpha is smaller than that, then OA 
becomes that function, otherwise it’s that function’, circling and underlining appropriate terms in the 
calculations with the tip of his mechanical pencil on the screen as he speaks {f1.2}. Michelle says ‘what’s that 
function there? What are the terms? Is it a length thing, or…?’ and Nathan says ‘it’s a it’s a … well, it’s 
defining all your components, umm…’. He then grabs Michelle’s notebook, which is sitting on the desk to 
the right of him, and starts flicking through the pages of handwritten calculations. {f1.3} 
#F2 He finds the first blank page, then looks up at the screen and mumbles ‘will use my distance…so’, then 
looks back down at the notebook and starts sketching. He draws a long straight diagonal line across the page 
with an arrowhead {f1.4} and says ‘here’s A and here’s O and OA is that vector there’ He pauses for a few 
seconds and looks up at the screen and then draws two other lines to make a triangle, saying ‘and we see 
that theta A is actually ummm that’s theta A when it’s in the rest position…’, drawing the angle symbol in 
one of the corners of the triangle. He reads the calculations off the screen again, and says ‘So if you plug in 
an angle… eventually down here when we call in OA we actually shove in…’ as he presses the page up key 
to scroll through the calculations then points up at the screen {f1.5} ‘yeah we shove in theta one, yeah OK, 
and theta one is actually how far up we move the thing.’ He gestures up and down with his hand.  
#F3 Nathan presses his finger to his lips as he shifts his gaze back and forth between his new sketch on the 
notebook and the calculations on the screen. He says ‘ummm … so… ummm… that’s O… so what we’re 
doing actually is just rotating that around to a new … new position and that’ll be, that’ll actually be alpha in 
there.’ As he’s talking, he’s sketching an arc on the page, then new arrow, and then he writes the symbol 
alpha in the angle between the two arrows. {f1.6} He says ‘that will actually be OA at some alpha, so what 
we’re saying is um…ahhh no, there’s probably an easier way to do this, but at the time I used um… ahh…’ 
and Michelle says ‘trickiness’ and Nathan laughs and says ‘trickiness, yeah’.  
#F4 Nathan continues speaking as he alternates between sketching on the diagram and looking back up at 
the screen to read the calculations ‘so that’s length OA… so what I said was… OK if alpha is smaller than 
theta a… ‘ he doesn’t say anything here for about 20 seconds, and looks back and forth between the screen 
and the diagram, with his chin resting on his hand and his forefinger over his lips. He says ‘just trying to 
work out what this is first… we’ve said that if the new x-coordinate of A…which is that top one, either of 
those top ones, in fact they’re both the same…’ and Michelle says ‘both the same’ at the same time. Nathan 
points with the little finger of his left hand between the two terms on the screen as he moves the pencil 
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over to the notebook {f1.7} and continues ‘… is the… x-coordinate of O…’ and Michelle says ‘plus the 
new…’ as she gestures with her right hand on the diagram in front of them {f1.8}. Nathan says ‘plus that, 
plus that…’ and Michelle says ‘distance’ and Nathan says ‘plus that new distance’ as he sketches on the 
diagram. He then says ‘hmmm now is that right?’ and Michelle says ‘yeah, cause that way the x 
coordinate…’ and Nathan says ‘so that’s the x-coordinate, currently it’s O … um…’ as he uses his left 
thumbnail and the mechanical pencil in his right hand to point at different parts of the diagram. {f1.9} 
#F5 Michelle reaches over with her left hand and gestures on the diagram, saying ‘yeah, it’s just cos of OA 
through that area because it’s this distance…’ and Nathan says ‘oh hang on, so that angle there is also theta a 
to the horizontal’ as he sketches on the diagram, then says ‘ahh no it isn’t… that angle there is theta a to the 
horizontal’, sketching again. Michelle says ‘mmm’ and traces over the ‘z’ shape that the diagram now takes. 
{f1.10} Nathan continues as he looks back up at the calculations on the screen {f1.11} ‘so what I’ve said 
was… aah the new x-coordinate of that point is just OA minus alpha cos times that length… A to A and 
gives you that new x-coordinate’. Michelle points to the diagram and says ‘but hang on, that’s using that 
length isn’t it? Not that length?’ and Nathan answers ‘well it’s the same, cause it’s just rotation’ and Michelle 
says ‘yeah, OK’.] 
#F6 Nathan says, “so it adds that new x-coordinate onto whatever x-coordinate that is, and that gives you 
the first value…” and points up at the calculations on the screen. He continues “Now… the reason that you 
have to change it… oh… and you need negative signs here because… it’s …because it’s in the…negative x-
direction,” and he draws a small set of x-y axes in the corner of the page, saying, “… and that’s our actual 
origin, that’s zero, zero, zero.” He points back up at the screen and says, “Alright, now the reason you have 
to change it…” and Michelle says, “Don’t both those angles work out the same way?” and Nathan says, 
“Probably worked out that it didn’t make any difference, and then I just couldn’t be bothered correcting it!” 
and they both laugh. Michelle says, “Looks good anyway” and Nathan says, “In fact it probably didn’t make 
any difference,” still pointing up at the screen. He gestures up and down with his hand as he says, “I think I 
figured that …cause alpha will always be… because you’re always lifting it up off the ground level, you can 
never take it into…  you can’t drop it lower into it’s normal resting position, something like that.” 
#F7 He looks up at the screen for a few seconds, then back down to the notebook and continues, 
“So…anyway, and I go through basically every point and do that because…”  and Michelle interjects, 
“Relative to O?” and Nathan says, “Yeah, relative to O, because it’s… everything in that main boom, that 
first boom, it’s just a rotation about its origin.” and he gestures to illustrate. 
#F8 He continues as he looks back up at the screen, “OK, now… when you come to the … when you come 
to this bit out here (pointing at the screen) um… this AE boom, because it’s independent, it can also rotate 
about A, you‘ve also gotta put in this terms, these heights too, so the position, the new position of …” He 
starts sketching on the diagram as he keeps his left little finger up on the computer screen and says, 
“Umm… that’ll be A…or A dash or whatever you want to call it… A alpha… the new position of E ummm, 
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you’ll have a thing here or something like that” and Michelle reaches over and gestures on the sheet and 
Nathan says, “yeah, but the way that I’ve defined it, I’ve just said the new position of E or O, or sorry, it’s 
actually OE (using his pen to point down on the notebook) um… is just the new position of OA when you 
rotate it up, so the X, Y and Z coordinates, plus the position of E relative to A but ahh Cos of that angle’ and 
he gestures with his hand and looks over to Michelle. Nathan continues, “So you go up to … see you can… 
(sketching on the notepad) … I’ve assumed that O… sorry AE is always in the fixed position, it doesn’t 
actually rotate with ummm with A, so it’ll initially start like that if E is vertical, and, just from what I can 
remember I think it is just that angle, that’s what theta two is, and that’ll always remain constant, so if you 
rotate OA up, new point A will be there, but E will still be… relative to A it will still be in there with that 
… with that… that’s the horizontal there… with that angle always ninety degrees.” 
#F9 Michelle gestures and says, “But you can change it though” and Nathan says, “But you can change that 
angle, yeah… and the same applies to G out here, so OG is a function of that angle … how far … of how 
much you’ve rotated it, but it’s also a function of that angle in there, because if you change that it’ll lift that 
G up relative to A.” During this time Nathan is gesturing between the screen and the notepad, and also 
gesturing in space. Nathan continues, “So you need those straight lines… so that generates your plot… so 
basically those statements there where that have that function, they generate all your geometry, all your 
vectors, relative to theta… to the angle of rotation of that first boom and also to that… yeah to that angle in 
there,” gesturing then pointing down at the calculations. 
#F10 He continues as he points between the symbolic notation of the vectors and the ‘plot’ that he scrolls to 
further down the screen, “Now.. umm plotting… umm they’re just points… or lines… so you’re plotting O1 
ummm… or y plot 1 is … that first vector is just O one to OB to D to A back to OE for those angles, so you 
get… it’s just plotting umm so it’s one and obviously y is the y component and x is the x component, so it 
plots umm… so it plots y plot… all it is is plotting that column against that column in the x-direction so you 
need to draw a line between those points” and Michelle says ‘OK’. 
#F11 He again gestures between the calculations and the plot as he says “Ummm and these two, these are 
just single points for your centre of gravity, which are those two points (scrolling back up the calculations 
with the Page Up key) so if you change those two points it’ll ahh it’ll just move those two black dots 
around… but it’ll actually rotate them as well..aaah there’s ahh…” He scrolls back and forth through the 
calculations for a few seconds then points at a line and says, “yeah that’s what I… OCG” then he turns 
towards Michelle and Florien and gestures as he says, “So it’s applying the same rotation laws to those two 
points of gravity.” Michelle says, “So it will always be acting downwards” and Nathan gestures at the 
calculations on the screen and says, “Yeah… well those points rep… they’re always fixed on that structure, 
so they’ll actually rotate about that point along with everything else, so you’ll always … that point will 
always be halfway between those two points no matter… no matter whether we… you know… rotate this 
thing up… forty five degrees.” Nathan scrolls up with the Page Up key, then clicks on the mouse to select a 
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term, edits it with the keyboard, then scrolls down again, and he says, “So… oh I haven’t plotted but if you 
plotted those two points you’ll still find that one would be there and one would be there sort of in the 
middle of there.” 
[In Section 8.3 #F12 Nathan reaches over and scrolls with the wheel on the mouse, saying ‘Now… force 
calculations.’ Michelle says ‘those need to be changed from … they were all just negative… they were 
giving the wrong forces so…I think some things went wrong’ and laughs, and Nathan says ‘yep, that’s 
OK…umm they’re obviously in x y directions… aahhh so they’ve got to be acting in the right direction.’ He 
scrolls down with the mouse and says ‘You’ve got to do some initial guesses for the forces you don’t need, 
then all we’re doing is solving a set of equations, so you’re solving … umm the first thing you’re doing is 
you’re solving… now, I checked this as much as I could but there’s possibly a mistake in there somewhere’ 
He’s using his right index finger vertically to point at the calculations on the computer screen, and Michelle 
says ‘so sum forces equals zero’ and Nathan says ‘yeah sum of forces equals zero… now these things here’ 
picking up a pen in his right hand and using it to point at the screen ‘these are your direction vectors, you 
know, your unit vectors? Remember that?’ and Michelle says ‘oh… yeah..?’ and laughs.] 
#F13 Nathan flicks through the notebook again and sketches a diagonal arrow on the blank page, as he says, 
“So you’ve got a force… in vector notation if you’ve got a force acting… acting i j k the force vector is just 
your force magnitude dot… force magnitude of your dot product times your… ummm.” He looks back up at 
the computer screen and silently traces over his calculations with his finger, then starts writing calculations 
in the notebook as he says, “I think I did a vector.. umm… anyway it’s times your um… your unit vector, 
but say that was A and that was O, your unit vector is really just that vector, so OA, over the magnitude of 
um… ah… OA, and that’ll be a vector like zero, one, point five or something like that, and that’s related to 
that angle of the unit vector, so in this case it basically... condenses your vector into a single direction… 
yeah, then you multiply that unit vector by your force, and that actually defines the length and the 
direction, but that… the unit vector is just a direction vector.” 
#F14 Nathan continues talking as he scrolls up through the calculations, saying “So there are other equations 
that we actually know in the field is that… um… your force at D has to always act in the same direction as 
D and E, for example.” 
SECTION G – THE DEBUGGING CONTINUES 
#G1 Rob comes over from his desk and says, “Why are you guys using vectors? Can’t you just use the 
components individually. They’re just numbers for the components aren’t they? Not variables?” Nathan and 
Michelle look back at Rob and say “No they’re vectors,” and Rob says, “No, they’re three… they’re just an x 
ay and z component, aren’t they?” Nathan says “Yeah, yeah but B moves, as you lift the boom up” Rob says 
“yeah, but it’s defined” and Nathan interrupts and gestures saying “no I haven’t defined… I haven’t defined 
origin to B, I’ve defined pivot to B as the vector that actually moves… I don’t have a vector OB that changes 
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with the…” and Rob says, “Oh OK, so your vector B doesn’t change in your equations?” Nathan says “So I 
can make C relative to the pivot” and Rob says “well C doesn’t move ever” Nathan says, “No… no, the pivot 
doesn’t move…aahhh.” 
#G2 Nathan is clicking through the calculations, and Rob says, “So you’re actually moving a vector, you’re 
not moving a point?” Michelle looks over at Rob and nods, then a few seconds later Nathan says, “Yeah, 
that’s right…” 
#G3 Rob says, “So you’ve got OB defined as a … length which can’t change I suppose…” as Nathan keeps 
clicking down through his calculations. Rob walks over until he’s standing behind Michelle so he can see 
the calculations on the screen. He says, “It’s the directions you’re looking at? So it’s negative y …” Michelle 
says, “positive x” and Rob says “negative x positive y?” There is a short discussion on the directions that the 
force vectors are going in. In the end, Rob says, “so it’s a force down.” 
#G4 Rob says, “Now that’s… that’s the force acting on B of…?” and Nathan says “Yeah… should be.” Rob 
gestures with his pen on the notebook Michelle has on her lap, and he says, “Well it should be pushing out 
that way, should be pushing it…” and Michelle moves her finger on the notebook the same way. Nathan 
says, “aahh…” and Rob says, “you don’t need a negative out the front of it… or is that the force that B is 
pushing back on the ram with?” Nathan says, “It’s the force at B, so it’s what the ram’s doing on B.” Rob 
says, “Well the ram should be pushing B out.” 
#G5 Michelle says, “Maybe it’s because of that negative – it’s the reaction at B which pushes back,” gesturing 
back the other way. Nathan clicks through the calculations, and edits them with the keyboard. Rob laughs 
and says, “Just make it work… fudge!” Nathan says, “If I get rid of… is that D in the right direction?” 
Michelle says, “Which one? That top one?” and leans forward to point at the screen. Nathan says, “So that’s 
negative and…” he looks away from the screen, gesturing with his finger in the air. 
#G6 Rob says, “Well, see D is… the beam D is going to be in tension, whereas the beam…” then he leans 
forward to point at the notebook. He continues “See this beam’s gonna be in compression and it’s pushing 
on it, and this one’s going to be in tension, and this one’s … going to be pulling on it, whereas this one’s 
going to be pushing on that. So this ram will be in.” He gestures with the pen and with his fingers on the 
diagram to illustrate the pushing and pulling. Nathan says, “OK well hang on, well lets, hang on I’ll make 
these both positive, but in the force ummm… the force diagram for the main boom, ah the main…” and Rob 
says, “So they must be double acting rams don’t they, cause they have to be able to … do both.” Nathan says, 
“Yeah well, this is… your ram is double of whatever this at B is, or sorry half of whatever B is…” and Rob 
says, “No I was saying they were double acting – they have got to be able to push and pull. Cause the digging 
ones have to cause they need to be able to both dig a hole and lift it up.” 
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[In Section 8.3 #G7 Nathan says ‘so the main boom… if we sum all the forces, FB is actually the positive FB 
direction, is that right? The way we’ve defined that?’ Michelle says ‘which way’s that?’ and Nathan says 
‘well, whichever way that is, so FB is acting… down and out’, gesturing in the directions he means. Michelle 
then says ‘that way and up’, pointing in different directions. She points up at a term on a screen and says 
‘here, that’s FB, isn’t it?’ and Nathan agrees and she uses her palms to indicate directions on the notebook, 
saying ‘that way, and that way, which is that way’, indicating a third direction between the two ‘so it’s 
acting that way...’ as she traces she shape of an arrow on the paper with her fingertip four times. Nathan 
says ‘which is correct, so it’s acting in the right direction, so we don’t need a minus sign in here’ pointing up 
at the screen.] 
#G8 Nathan continues, “That FEA though is actually negative,” and Michelle gestures on the page and says, 
“That’s because you’ve taken half the…” Nathan says, “Yeah OK, so that’s alright then, then on this short bit 
up here (pointing at the page with his right hand while keeping his left on the screen) um… what 
direction’s OE? Sorry FD? Not FD sorry… yeah, FD…” Michelle looks at the screen and says, “FD…” and 
Nathan says, “That’s this way and down, and this is actually pulling on that ram, so that’s right, that D isn’t 
it?” 
#G9 Michelle gestures with her little fingers on the diagram, saying, “D is pointing down that way, and the 
ram’s pushing back that way.” Nathan keeps his left hand up on the screen as he gestures with his other 
hand on the diagram and says, “But the ram’s stopping this from – nominally it can pivot down.” Rob says, 
“Yeah that ram’s in tension – it’s pulling D and E towards each other, or it’s trying to.” 
#G10 Nathan grabs a pen and starts sketching with his right hand on the diagram as he says, “OK, yeah but 
it’s only the direction – see the… the direction… it doesn’t matter what the force is actually doing, but our 
direction is defined as that… ummm but … so it’s OK on the main body… ummm, so we’ve got positive FD 
(pointing to a part of the calculations) but on this little bit out here it’ll be negative FD, because it’s acting in 
the … opposite direction to FD.”  
[In Section 8.3 #G11 He types on the keyboard to edit the calculations, then says ‘see what that gives us’ and 
scrolls down the page, to where a number of boxes are highlighted in yellow. He takes a sip of his coffee and 
pauses for a few seconds, looking at the screen. 
#G12 He points at one of the yellow boxes containing ‘output’ values on the screen and says ‘so FB is now 
negative negative’ and looks over at Michelle, who gestures on the diagram and says ‘FB is now acting in… 
that way’ and she traces with her finger first a vertical line, then a horizontal line and a diagonal line 
representing the resultant force vector. At the same time, François, sitting next to Michelle, is pointing in 
the same direction with his finger. Michelle continues ‘How does that work?’ Rob says ‘they’ve got to be 
opposite signs – one has to be negative and one has to be positive.’] 
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#G13 Michelle says, “I think it’s… a problem with these bits here,” pointing to a few spots on the diagram. 
Nathan says, “aahhh, how’s FD? Is FD right?” and Rob mumbles, “I’m over programs.” Michelle says, “FD.. 
yeah it’s right.” 
#G14 I joke, “Could be a glitch in the software” and Rob says, “No, it’s gotta be in the code, it’s just finding 
it!” and laughs. Nathan clicks to scroll back up the screen. He traces through a few lines of the calculations 
with his right hand, then swaps his left hand onto the screen and with his right grabs the mouse, highlights 
a term and edits it with the keyboard. He then scrolls down the screen to where the yellow boxes are. For a 
few seconds, the mouse cursor shows a ‘lightbulb’, showing that the computer is processing the result. 
#G15 When finally the mouse cursor reverts to normal and the value in the yellow ‘output’ box on the 
screen changes, Michelle says, “So it’s that way… that way… it’s not matching. It should come from there 
and that’s over there, and it’s acting that way,” gesturing around the diagram in front of her to indicate the 
directions. 
[In Section 8.3 #G16 Rob says ‘hang on…’ and Nathan says ‘what about… what forces are we actually 
applying to the… thing?’ and Rob continues ‘I dunno if I’m missing something but um…. can’t this whole 
thing have been done a hell of a lot easier than… I don’t know what exactly you have done there, but…’ 
Nathan laughs and says ‘not really!’ Rob continues ‘I’m just thinking how I would have… well I just did a 
similar sort of thing for [name of previous project omitted] and all I had to do was … I set it all up… didn’t 
have to use any… well I sort of used vectors but I just used x and y components as individual definitions… 
umm… put all the centres of mass on the vertical and put various bits and pieces in…’ He gestures with his 
free hand as he’s speaking. 
#G17 Nathan says ‘but it becomes pretty complicated when you’ve got two varying… you’ve got a varying 
geometry because your moments… your moment arms change as well as your forces’ and Rob replies ‘yeah, 
I think… well I had to change that… so it was all set up so it just changed with an angle – it did it all in the 
program. This one may be a bit more complicated than I’m thinking it is’ pointing to the screen ‘but um… 
all I had to do was put in the … change the angle around each time and I got different answers.’ 
#G18 Michelle leans forward and points at a spot on the screen and Nathan says ‘oh’ and changes a value in 
the calculations. Nathan starts typing at the keyboard and says ‘OK so we’ve just got – we’re just holding this 
thing up in the air’ and Rob says ‘because… can’t you… like there’s only …’ Rob walks over to point at the 
diagram and says ‘you have to set these positions up … all you have to do is change that angle, and it will 
automatically recalculate whatever its centre of mass is… the only reaction that you really have to solve for 
is this one out here…’ and Nathan says ‘yeah.’  
Rob continues ‘and … you can work it out at any position of this angle and any position of that angle’ as he 
gestures the angles, ‘and then once you know that, you can just solve the internal ones in here… cause that’s 
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the only one you really have to solve for, isn’t it? It’s the only one that acts on that structure? Cause C acts 
on a completely different structure… well it’s the same force anyway’ 
#G19 Nathan says ‘hmm’ as he continues pointing at a yellow box on the screen {g19.1}. Rob says ‘… I just 
don’t know why you have to use a Find… type thing in it… is that what you’re using? A Find? You’re giving 
it initial guesses then getting it to solve? I just don’t know why you’re doing that’ Nathan says ‘well you 
have to, because you’ve got …’ and he taps the keyboard to scroll the screen up before he points at the four 
variables and continues saying ‘you’ve got aahh… four unknowns’ Rob says ‘what are your four unknowns?’ 
and Nathan replies ‘aah all your forces… essentially’ and Rob says ‘yeah but show me where they are in the 
drawing…’ and Michelle points at a couple of spots on the diagram as Rob continues saying ‘…cause I think 
there’s only one unknown initially, well actually there’s two unknowns.’ 
#G20 Nathan says ‘ummm…’ as he continues pointing at the screen while he turns his head to look down at 
the diagram, then looks back up to the screen. 
#G21 Rob says ‘well show me the four unknowns are that you’re calculating’ and Nathan points at the 
screen and replies ‘well it’s the… it’s the forces … it’s the force at that pin, which you could probably just do 
with a free body diagram, but to work that out, you’ve actually got to solve… you’ve got to solve two 
equations to get your two unknowns just for that free body diagram.’ He’s gesturing around the plotted 
output of the equations on the computer screen. 
#G22 Rob gestures down at the diagram and says ‘OK… so for that… for working out this force here, in any 
movement of any of this … there are only two unknowns, which are your x and y components of that. So 
you’ve got one reaction and those are related so there’s only one unknown for that.’ 
#G23 Nathan says ‘but …’ and points down at the diagram and Rob continues as he gestures around the 
diagram, covering parts of the diagram with his hand ‘No matter what … say initially you don’t care about 
what’s happening there, because it’s all internal forces, you just want to know what this one is … all you 
have to do is solve for it, no matter what all angles you put these in… and you get that out… straight 
away… if you set up all your geometry right… for one unknown… and then you’ve got that… you’ve got 
one unknown there which is … this force, and one unknown there… and if you take the moments through 
that point, you’ve only got one unknown, which is that one.’] 
#G24 After a pause of a few seconds, Rob continues, “Sum your moments about this, because there’s no 
moments through it, that’s your only unknown – I’ve already done that for this, ignoring whatever angle 
that’s at…’ and Nathan spans his hand across the diagram and says, “Oh OK so you treated the whole thing 
as a free body initially…” and Rob says, “Yeah… well that’s what it is… these are just internal forces – they 
have no effect whatsoever on this…” and Nathan says “No…no…” in agreement. 
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#G25 Nathan says, “So we solve for D…aah for B…” and Rob says, “Which is what François has done. He’s 
done that … setup… he’s only done it for one angle so far but it wouldn’t be too hard too ahh… put the 
angles in there.” 
#G26 Nathan gestures around the diagram as he mumbles to himself, “Solve for B…” and Rob says, “And 
we’ve got it set up so we can move…” and Nathan keeps gesturing as he says, “Yeah you’ve got to solve that 
free body diagram… and you get A… so initially you’ve only got one unknown…” 
[In Section 8.3 #G27 As Nathan keeps his hand on the diagram, Rob reaches in to point and says ‘well you’ve 
got two… like your reaction at O is unknown and your reaction at D is unknown, but you take moments 
around O so it disappears’ and Nathan says ‘yeah OK, OK, well that’s your four unknowns I guess’ and Rob 
says ‘and then you do the same thing here. So it can be done without needing a… Find’ and Nathan says ‘it 
can be done without using a Find, yeah’ as Rob continues ‘I think it would be a lot … simpler’.  
#G28 Nathan says ‘well that’s cause you did it analytically’ as Rob says ‘I don’t understand what you’ve done 
there, because it’s too…’ Nathan says ‘well it’s doing … it’s basically solving…’ as Rob says ‘it’s too 
complicated for me so I look for the easy way, that’s all!’ and laughs, then Nathan gestures around the 
diagram as he replies ‘I mean it’s still solving for your four unknowns, it’s just doing it simultaneously, that’s 
all’  
#G29 Michelle says ‘so you don’t have to do anything by hand’ and then Nathan says ‘there’s no analytical… 
yeah there’s no analytical component of it…’  Rob says ‘but it’s not working’ and everyone laughs. 
#G30 Nathan says ‘aaah’ and looks at the computer screen, and Rob says ‘and it looks like a very complicated 
way to… to get it… to me.’ Nathan says ‘yeah, well, yeah… there’s a … a bug in there somewhere’, then 
after a pause Rob says ‘so my suggestion is … we start again’ and laughs, ‘… cause I bet we could do it 
faster… starting again… than trying to find what the problem is.’] 
#G31 Nathan says, “Umm… we’re pretty close… we’re pretty close… like… that’s sort of the top arm… is 
that the top arm?” as he points to a term on the screen, and Michelle says, “FG, FA…” and Nathan says, 
“FG2, that’s your centre of gravity, yeah…” Michelle says, “So that’ll be this way” as she gestures on the 
diagram, and Nathan says, “OK, that’s got to be a negative” and he moves the keyboard and grabs the mouse 
to start editing the calculations again. 
#G32 Michelle says, “Is that how you had it before but?” and Nathan says, “Aahh yeah, but didn’t we just 
change it before?” and Michelle says, “Yep, but there’s was something wrong before.” 
[In Section 8.3 #G33 Nathan says ‘probably will be faster… if we can’t figure this out’ as he types on the 
keyboard, and Rob says ‘uh-huh, I’ll race ya!’ and laughs. Michelle says ‘ready…’ and Nathan says ‘go! – OK, 
there’s the answer…’ and they all laugh. Rob jokes as he moves back to his desk ‘OK I’ll just walk back to 
my seat slowly… just ah… but I’ll need some music to… get me into the maths…’] 
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#G34 I say, “Eye of the Tiger, maybe? Might be appropriate?” 
#G35 Nathan says, “Ahhh… what have we done here?” and Michelle looks over at François and says, 
“Quick… you go sabotage him!” Nathan keeps editing the calculations and says “aahh bugger” under his 
breath. He has his left elbow resting on the desk, with his hand supporting his chin, and his right hand is 
alternately using the mouse and typing on the keyboard. Rob is now working at the computer behind them. 
Nathan finishes editing, and scrolls down the page, and they wait for the results to update. I say, “B looks 
better.” 
[In Section 8.3 #G36 Michelle says ‘B looks good…D… negative negative’ and Rob calls out ‘are you getting 
there? winning the race? We haven’t even started yet’  
#G37 Michelle laughs and looks at the screen and says … ‘negative x’ and Nathan throws up his hands and 
cries ‘aaah’ in mock celebration. He says ‘the only thing is you’ve got to…’ and Rob says ‘it works? It is? Are 
you sure now?’. Michelle says ‘think it’s miles better… oh hang on’ and Nathan types on the keyboard and 
says ‘I’m trying to use a Find statement – it’s a bit more temperamental, but it’s supposed to be a more 
accurate answer …’] 
#G38 Michelle says, “Can we just check the checks too?” and leans forward and grabs the mouse. She scrolls 
up and says, “Still the same, still the same … that magnitude is different, I don’t know if…” as she checks 
them off. I joke, “As long as the signs are right, you know… magnitudes…”. 
#G39 Michelle says, “This is a check, but these probably were out already, so…” and she mumbles to herself 
as she scrolls through and edits the calculations. Finally they scroll down to check the result, and Nathan 
yells out and Michelle says “It’s the right answer – Save!” and laughs. 
[In Section 8.3 #G40 Nathan gets up out of his chair and says ‘I’m done.’ Rob says ‘you’re done? Does yours 
work? Are you sure’ and Michelle says ‘yep, hopefully. Do you want to compare your forces with the ones 
you and François calculated the other day?’ Rob says ‘bloody oath!’ and they both laugh. He’s standing at the 
desk and leaning over to use the mouse and keyboard, and he says ‘I’m just copying your MathCAD files 
across.’] 
#G41 Rob sits down at the desk he’s working at and François wheels his chair over so he’s now beside Rob. 
Rob is looking back and forth between the computer screen, and a pad he has brought over from his own 
desk. He’s writing on the pad and he mumbles to himself as he writes. 
#G42 After a while he says to Michelle “yep, that’s fine… what’s your… angle from C to B, do you know?” 
and Michelle says, “ummm…. Nup.” Rob says, “You don’t know?” and Michelle replies, “Nearly there…” as 
she clicks through the model, then picks up her pen and mumbles to herself as she draws a diagram on her 
notebook. Rob says to himself, “Well that amount is… one metre… and that is… let me just check that … 
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their dimensions are the same as theirs… L three I think is what they used… two metres… L six … now 
they’ve got it negative six forty, so yeah, that should be right.’ 
#G43 Michelle uses the pocket calculator sitting on the desk, then says, “Fifty-six…that’s from the 
horizontal … fifty-six degrees.” Rob sketches as he keeps talking, saying “Three sixty…that’s one there, 
that’s about thirty six …” then he looks over at Michelle and says, “Fifty six degrees?” 
#G44 Michelle looks back over the arm of her chair and says, “Yep, that’s what ours is.” and Rob says, “Well 
ours is thirty-six degrees…’ and he clicks down the page and then says, “Thirty-six point three degrees… so 
I’d say it would have to indicate a bogus angle there.” 
#G45 Michelle says, “hey?” and Rob says, “How did you get that angle?” Michelle gestures and says, “I just 
did the force horizontal and the force vertical and then…” and Rob says, “Oh, OK, so hows… oh well, 
something’s wrong with his angles then… unless we’ve got our coordinates stuffed up…” and Rob picks up 
his yellow memo pad.  
#G46 Michelle laughs and grabs her notepad to gesture around it and says, “No but it makes sense that your 
x should greater than your y, if it’s … like if this is …” (the rest of her sentence is inaudible over the sound 
of the printer warming up.) Rob wheels his chair over towards Michelle, and says, “Well it’s … it’s not right 
because it’s three sixty minus…” and Michelle gestures with her pen on her sketch and replies, “Well it’s 
still… if this distance is greater than this distance, then your resultant should have greater…” and Rob says, 
‘Yeah but I’m saying there’s a mistake somewhere in how he’s got his … components.” He wheels back to 
François’ desk as he says, “So… you’re still not right… the race is on” and Michelle says, “You can start 
racing now… he’s on the phone… oh bugger” and laughs and gets up to walk over to Nathan’s office. 
#G47 Rob is sitting at the computer with François to his left. He slides the keyboard in front of him, and 
says, “OK so we want to be able to… define … a new angle change… or something like this.” He starts 
looking through a stack of papers on the desk for a few seconds then says, “I’ll grab my pad,” gets up and 
goes over to his own desk, grabs a yellow jotting pad and comes back to the desk. 
#G48 Nathan comes in from his own office and Rob starts explaining his calculations. Rob is telling Nathan 
the steps he went through to calculate the forces in the boom arm. 
#G49 Rob is holding the jotter pad in his left hand and alternately pointing to calculations on it with a pen 
and then back up on the screen where the computer calculations are. He says, “So we get alpha is Atan of 
that which works out at… thirty-six degrees, and we sum moments to make out … (grabbing the mouse) … 
there… to make out what …Rv is… (pointing with the mouse cursor at a line of caclulations) … and then 
just use the angle to work out what Ry is, and there’s your resultant.” 
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#G50 Nathan says, “Total …ohhh… total … and so we get the same resultant?” and Michelle interrupts, 
“Same resultant but it’s…” as Rob answers, “Well it’s not exactly the same… it’s quite similar… but the 
alpha which is f*cked” and laughs. 
#G51 Nathan says, “And what are your two components?” Rob says, “that’s my x-component (pointing at a 
part of the screen calcs using the mouse cursor) … so it’s four hundred and thirty-two … point three three 
kilonewtons” and Michelle says, “Which is our y-component” then Rob continues, “…and that’s our y-
component there (clicking with the mouse button to scroll the screen down)… and because it’s at that angle 
(picking up a pen with his right hand and pointing to the diagram on the yellow jotter) … your x … 
component has to be bigger than your y component.” 
#G52 Nathan looks back to his left at Michelle and says, “Mmm, and ours is the other way round, is it?” 
Michelle nods and says, “Does that mean you’ve just defined an angle back to front?” 
#G53 Nathan groans and wheels his chair over to the computer that Michelle is sitting at, saying, “Lets have 
a look.” 
#G54 Nathan says to François, “aaah … you had a sketch… where you’d written in hand all the lengths 
L…?” and François starts shuffling through a sheaf of papers on his desk as Rob continues, “It’s … it would 
be easier to use that… I just need to…” 
#G55 Nathan’s looking at the calculation model on Michelle’s screen and says, “Hang on… ohh… what’s 
your… ummm… length…?” and Rob replies, “We’ve changed all the positions to make sure they’re the 
same.” Nathan says to Michelle, “Have you checked the angles?” Michelle replies, “No, I just changed the 
lengths” and Rob says, “Yeah go in there and check the angle.” 
#G56 Nathan starts typing on the keyboard then grabs his pencil and looks over at a diagram on the notepad 
to the right of the keyboard, saying “Um… so we want… then… we want… OC and OB (tracing the lines 
between the points on the diagram) OB minus OC” 
#G57 At the same time, Rob is saying, “hey Michelle, do you have that sketch where François put in all 
the… or maybe I have it…” and laughs. 
#G58 Nathan starts typing on the keyboard, and behind him François finds the sketch and says, “Oh it’s 
here… I have it” and Rob says, “OK, cool.” 
#G59 Rob takes the sketch off François and says, “Thank you… that’s what I want… so it’s … L five’s out to 
the centre of this, isn’t it?” pointing at the two parts of the sketch. Rob then grabs the mouse and starts 
scrolling through the calculations, mumbling to himself, “OK, so basically… p1, p2 and p3… and p3 
includes that torque doesn’t it? Yep, that’s OK…” He clicks through the calculations a bit more, then takes 
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his hand off the mouse, and takes a pen out of his shirt pocket and starts writing on the CAD line diagram as 
he says, “So I need to calculate the new positions of p1, p2 and p3, cause they’re all my forces… and new 
location… OK.” 
#G60 Rob starts typing on the keyboard, creating a new section in the calculations entitled ‘Effect of 
changing angle of main boom’. He starts to type in formula, then grabs the pen again and starts sketching on 
the CAD line diagram in front of him. He first draws a right-angled triangle by hand over the line drawing, 
with two of the pivot points at the vertices of the triangle. He says to himself, “So that whole thing is 
just…so that goes up… that’s theta as well.” 
#G61 Meanwhile, in the background Michelle and Nathan are discussing their own calculations, based on 
essentially the same diagram, but one that Nathan has drawn. Nathan asks Rob, “So… what’s the height 
difference between your C and B, Rob?” Rob says, “Between … C and B?” and Nathan replies, “Yeah.” Rob 
says, “aaah… that’s L7… we defined that down here (scrolling down the calculations) , didn’t we? … one 
metre.” Nathan says, “The height difference?” and Rob replies, “Mm-hmm.” Nathan says, “Were you saying 
that we’ve got a two metre height difference?” and Michelle says uncertainly, “Mmm?? then Rob says, “A 
two metre height difference?” 
#G62 Michelle reaches across to point at the computer screen that she and Nathan are working at, and says, 
“Scroll back to the…” as Nathan presses the Page Down button on the keyboard. She continues, “We’ve 
got… that’s two metres in the x, and that’s got one extra metre in the… y.” 
#G63 Nathan and Michelle sit and look at the computer screen for a few seconds, and Michelle says, “I don’t 
know what’s going on.” 
#G64 Meanwhile, Rob has started drawing a diagram using a pen and ruler on the yellow memo pad. He 
mumbles as he annotates the diagram with symbols indicating the angles. Michelle and Nathan continues 
discussing their own calculations across the room. Rob draws another symbol and says, “That’s our delta x, 
and in this case our delta x is just going to be minus instead of … plus… because B is higher,” pointing with 
the tip of his pen to the point B. He continues “So if we ever move B below C we’ll have to change the 
equation… but… should it be the same as… that.” Rob is now pointing to part of one line drawing with his 
left forefinger and drawing on the yellow memo pad with his right hand. He continues mumbling to 
himself, elaborating the diagram on the pad and occasionally looking up at the calculations on the screen, 
saying “Work out that one… that’s the same as that one… or twice that and that…OK” He drops his pen 
and reaches for the mouse, clicking on the mouse button. 
#G65 Nathan is pointing at the calculations on his screen with his left forefinger while his right hand is on 
the mouse. He says, “Oh, we haven’t corrected this one here yet” and starts typing with one finger on the 
keyboard with his left hand while clicking the mouse button in different spots in the calculations, then 
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starts typing with both hands. He scrolls back down the calculations to a plot of the forces, then scrolls back 
up and makes another change to the calculations, before saying, “OK, so just doublecheck these…” Michelle 
points to the diagram in the notebook. Nathan points at the computer screen as he continues, “OA relative 
to the origin should be… aahh…” and Michelle says, “Minus three in the x, minus one in the y” then points 
up at the screen, and Nathan says, “cause you haven’t put any x component in there – A has gotta be…” 
Michelle says, “A is zero at the moment, ohh” and Nathan says, “Well it, oh, sorry, oh, that’s right, OK so A 
is on the ground but it’s just on the negative x from the origin.” They both point down at the diagram on the 
notebook, each of them spanning two fingers across different parts. 
#G66 Nathan continues as he gestures around the diagram, “Which is right – it’s just the, it’s actually 
relative to that origin, which is right, OK, so… relative to this origin, it should be minus three metres, sorry, 
minus three metres” and Michelle points to another section saying, “And minus one eight seven five” as 
Nathan says, “… and it should have a minus one eight seven five there.” They both point to various parts of 
the diagram as they do this. There is then a long pause as Nathan looks at the computer screen, scratching 
his chin with his hand. 
#G67 Nathan finally says, “Mm-hmm” and scrolls down the page, then tilts his head back a little and 
mumbles to himself as he reads the calculations, and says, “We should be doing this, because…” before 
Michelle stabs her finger at a spot in the calculations on the screen and says, “Should you still be having… 
the A minus alpha, the way that it is, if you’re doing it… this doesn’t…” She picks up the pen and reaches 
across Nathan to indicate on the diagram in front of him and slightly to the right as she says, “If you take the 
arc, is this whole angle alpha? Or is this angle here alpha or…?” 
#G68 Nathan says, “This should be alpha is smaller than or equal to…”, looking up and down between the 
sketch and the calculations on the screen. He continues, “OK if alpha umm…” and points down at the 
sketchpad. Michelle says, “Maybe you should just do alpha, and not the A.” Nathan types on the keyboard 
with his left pointer finger, and then says, “So that’s thirty two degrees, so that seems to be… right” as he 
points down at the diagram. 
#G69 Michelle starts gesturing on the notepad diagram in front of her with her finger, and mumbles to 
herself. She then points up at the screen with her little finger and says, “Shouldn’t that just be alpha? Not 
anything with… A?” Nathan pauses and looks down at the sketch and Michelle continues, “Cause this is… 
(pointing quickly at the screen) … that’s if it’s… up higher, isn’t it?” She picks up the pen and starts writing 
on the diagram. She draws in another line and sketches more symbols in the new angles and says, “So if this 
is up higher, then this angle here is theta A and this angle is alpha, and that’s the …” and Nathan takes the 
pen off Michelle and says, “No cause you’re moving the … you’re moving the…” and Michelle says, “or is 
that whole thing alpha?” Nathan says “That whole thing’s alpha” as he draws on the sketch. Michelle points 
at the screen and then down at the sketch as she says, “So maybe it’s alpha minus theta A” and Nathan puts 
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down the pen and says, “Oh it is too, you’re right” then grabs the mouse and starts editing the calculations 
with the keyboard. 
#G70 Rob is indicating with a pen on a sketch in front of him and explaining as François looks on. Rob says, 
“So now we’ve found the new x position of B, and we’ve got to find the new y position of B.” He shifts the 
piece of paper out of the way and grabs the yellow memo pad from the side and says, “So… if we go back 
here… (drawing a couple of small dots on the end of two lines) that’s the original… and that’s the new 
position of B… and that’ll be… delta y (drawing in the symbol) and that distance there is… L 
eleven”,drawing in the symbol. Then he pauses for a few seconds, then picks up the memo pad and holds it 
closer to his face, and François reaches over and hits the Page Up button on the keyboard to scroll up the 
calculations, then Rob puts the pad down, picks up a different sheet of paper and holds it in front of him, 
reads it for a few seconds and mumbles, “So that’s double that…” as François sketches a diagram on the 
sheet in front of him. 
#G71 Nathan and Michelle are talking through the reasoning behind the calculations and they realise that 
there are terms in the calculations that don’t need to be there, and indeed shouldn’t be there. Nathan says, 
“No no no, so everythings relative to that origin, no, so…” and Michelle gestures at the diagram and says, 
“So you just add it all, or you just add this distance – you don’t add O.” Nathan says “No, yeah you don’t add 
O, that is… that’s correct yeah” and starts drawing on the sketch, saying, “Cause OA – that new point A is 
actually… A relative to O is just that distance, so we can get rid of all these Os.” He grabs the mouse with 
his right hand and starts editing the calculations, hitting the backspace key with his left forefinger in various 
spots in the calculations, saying, “Mmmm that would help explain a few things.” 
#G72 Nathan says, “But we still agree with how we’re doing that, aren’t we?” Michelle says, “Yeah, that’s 
good” and Nathan says, “OK” as he keeps typing away. He says, “You only need it when you plot it out” and 
Michelle points to a spot on the screen, saying “Although that one should be … positive…” Nathan says, 
“That is right, yeah, you’re right.” Nathan clicks the mouse and types for a bit longer, and Michelle silently 
points to a spot on the screen as Nathan works. He says, “I think my thinking was our O was actually 
relative to the pivot, not the origin, but you need to actually add it when you plot it, that’s right.” He says, 
“So how does that look? that’s a bit better, isn’t it?” and Michelle replies, “Looks good, yeah, that’s OK that’s 
it, save it, save it, quick!” and laughs. Nathan says, “OK umm… well it seems to be plotting all the rest of it 
pretty well OK too…” as he scrolls down the calculations and does a bit more editing. 
#G73 Rob has drawing a diagram on the yellow memo pad, and he explains it to François as he draws, “So 
that angle there… is … same angle… that theta on two, that’s ninety, so that’s ninety minus theta on two… 
we need to find that angle there so we can find out what that angle there is, and we know that length, we 
know that length and we know that length,” gesturing with his pen tip around the sides of one of the 
triangles in the diagram. 
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#G74 He starts writing a few lines of calculations underneath the diagram, mumbling to himself. François is 
also sketching a diagram on his own paper. Rob makes a mistake in part of his calculations and scribbles that 
term out then continues writing. He mumbles the verbal equivalent of what he’s writing for the last couple 
of lines: “So minus alpha is theta on two minus beta, then alpha is beta minus theta on two…OK” and puts 
the pen down on the desk. He grabs the mouse and clicks the button to scroll down the page, looks down at 
his calculations on paper, then starts typing in the calculations. He alternates between looking down at his 
calculations, and typing on the keyboard, occasionally bringing his right hand down to point at part of his 
calculations. 
#G75 Nathan and Michelle are still editing their calculations. Michelle says, “Should be alright…”, then “no 
that’s…” and Nathan says “oh… umm, yeah,” editing the calculations. He reads the calculations for a few 
more seconds then says quietly, “Is thirty seven? This B doesn’t look right… OK well let’s check these up 
here again,” scrolling back up the page. He points to a spot on the screen and says, “so that’s right isn’t it… 
negative three…?” Michelle says “Yep” and Nathan says “OK.” 
#G76 Michelle points down at the diagram and says, “This B is going to be…” and Nathan points at part of 
the diagram and says, “Relative to that point.” Michelle says, “X is going to be two thousand, and B 
relative… above… zero.” Nathan points and says, “It’s actually B relative below zero, so that’s gonna be out 
by five hundred or four hundred, or whatever that is…” Michelle says, “Shouldn’t it be higher? We’ve got 
it…” and Nathan says, “No I haven’t looked at it. We’ve got it.. zero…zero angle,” pointing up at the screen 
with his little finger, and Michelle points with two fingers to a spot above it and says, “No but like here… 
the difference between B and …” She reads the calculations for a few seconds then grabs her pocket 
calculator from the side and does a calculation, then holds it up in front of the screen so that Nathan can see 
the LCD screen, and says, “So it’s … that much higher” and Nathan scrolls to a spot in the calculations and 
says, “Ahhh… well it isn’t in here… no it isn’t so… B should be up here …” and Michelle laughs and says, 
“B’s gone back down again.” They both pause for a few seconds and look at the screen, and Michelle says, 
“Do we have to do each one individually?” pointing at the screen. The both silently read the screen for a 
while, then Nathan lifts up his hand and rests his middle finger on a spot in the calculations for a few 
seconds before saying, “Should be positive” and withdrawing his hand.  
#G77 Nathan clasps his fingers together in front of his mouth and looks up at the ceiling for a few moments, 
then sits forward and picks up the pen, and looking down at the diagram says, “What’s our B relative to A?” 
He flips over the sheet of paper and Michelle points at her diagram and gestures to illustrate the moving 
beam, saying “B is above A, oh, see it’s always going to be positive. Whereas A is down below O and it can 
move up, B is already above A.” 
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#G78 Nathan says, “So it’s always going to be positive” and starts typing on the keyboard, then Michelle 
points to the screen and says, “Don’t forget we’ve got to change the distance from …” and Nathan interrupts 
with “Yep.” 
#G79 Nathan looks down at the diagram to his left and says, “So centre of gravity…” and Michelle points to 
a spot on the diagram and says, “Centre of gravity one, F G one maybe?” and Nathan reaches over to point at 
the same spot and says, “You’ve got… yeah it’s actually pretty close to B, so… it’s actually…” Michelle says, 
“It’s inbetween D and B though, which makes that square, oh no it wouldn’t…” Nathan says, “Is that right?” 
looking up at the screen, and Michelle points up at the screen and traces the shape of the structure around 
the main beam and says, “No if you’ve got this structure here so it would be in the middle of D and B?” and 
Nathan scratches his chin and says, “ohhh, approximately …” Nathan scrolls down the calculations to the 
yellow boxes on the screen presenting the ‘output’ and Michelle mumbles as she looks at the screen and 
then says “Yes!” and leans back and laughs. Nathan says, “It’s pretty close” and Michelle points at the values 
on the screen and says, “Yeah that’s right, that’s what we had before – but these were the other way round, 
so …” 
#G80 At this point, I say, “Yeah that’s it” from behind the camera, and Michelle looks at me and smiles and 
gives the thumbs up. 
#G81 Nathan says, “The check still works?” and Michelle says, “Check the algorithm” and then as Nathan 
scrolls down the page she says, “Well I had thirty three, but…” Nathan said, “So, that’s alright.” Then, 
louder, “we’re a winner!” Michelle says, “That’s what we thought before…” and laughs, and Nathan says 
“That’s right…” as Michelle says “We’re a winner again…” 
#G82 Michelle points at the computer screen and says, “I guess we can just go through now and change the 
B,” and Nathan says, “You’ve just got to be careful of B …” and Michelle says, “We’ll just do everything 
below the origin now, I guess.” 
#G83 Nathan says, “Well why don’t we just put in that if B is greater than um… alpha’s gotta be smaller… 
but it’s also… ummm” and then grabs the keyboard and moves it closer to him, as Michelle shifts a notepad 
out of the way. Nathan starts editing the calculations. He uses the menu to display a few extra toolbars on 
the right of the screen, then Michelle says, “You can just type it in, can’t you?” and Nathan says, “Oh, it’s 
Programming, that’s why.” 
#G84 After a while, Nathan grabs the single sheet of paper with the diagram on it, and sits it on top of the 
keyboard as he reads it, then says, “Origins… and the pivots…cause if…” then he grabs the sheet with his 
left hand, moves it off the keyboard, then uses his right hand to alternate between using the mouse and 
typing on the keyboard. He swaps the sheet into his right hand, then with his left points at the screen, then 
drops the sheet on the keyboard before grabbing it again with both hands, and pointing on the sheet as he 
  Appendix – Transcript of Video Data 
 309 
says, “And so … for it to use this negative, B has to be… you’ve gotta have alpha smaller than there… theta, 
B, and then, the y component of B has to be less than the y component of A, which is the same as that A, 
and then it’ll do that (pointing up at the screen) … that negative, otherwise it’ll… you can still do that, but 
if it hasn’t got that, it’ll just default to the positive one”, pointing to the different terms in the ‘If’ statement. 
Michelle points at the screen and says, “Oh OK, and if it’s got B it’ll default to the positive one” and Nathan 
says, “Yep, that’s right.” Michelle says, “OK, sounds good”. 
#G85 Nathan picks up the loose sheet again, then puts it down to his left and grabs another mouthful of 
coffee from the mug on his right. He then grabs a few loose sheets, aligns them together by tapping the edge 
on the desk, then tosses them to the right of the desk. He then reaches forward to the mouse and uses the 
scroll button to keep reading through the calculations. He does a quick edit at one particular spot, then puts 
his hands down in his lap and cranes his head forward to keep reading the calculations. 
#G86 He scrolls down the screen a bit more, then says, “Oh, it’s making the B pos… ah… negative again.” 
He sighs and says, “Um…” and Michelle says, “You sort of need two statements (reaching up to point at 
calcs) like there’s a whole other … like that, then there’s another like that, that’s positive, then there’s 
that…” and the glass of the screen rings as she taps her fingernail on it. Nathan says, “To exclude that pos… 
that negative again?” and Michelle says, “Yeah” Nathan says, “Why?” 
#G87 Michelle says, “That’s still unclear. B is less than…” Nathan quickly edits another part of the 
calculations using the keyboard and mouse, then rests his chin on his hand and says slowly, “So B one … is 
smaller than… O one … so why did it do that?” and Michelle points up at the screen and says, “Cause it’s 
that and that (pointing to two parts of the statement) and we want it to do that (pointing at a third part)” 
Nathan says, “Well it should be… cause it’s not doing that, so that’s not true, so it can’t do that, so it’s gotta 
do that,” using the mouse cursor to point to the different parts of the calculation. Michelle says, “Mmm.” 
Nathan edits the calculations and says, “Mmm, so that’s what that is resulting in… so we get these angles 
incorrect.” 
#G88 Neither of them moves for a few seconds, both of them looking at the screen, then Nathan sits back, 
looks over to his right and grabs the loose sheet of paper with the diagram again as Michelle brushes 
something off the glass computer screen. Nathan flips over the sheet, and starts drawing a diagram on the 
blank surface on the other side. He says, “Actually, what are we doing? B is higher… so we’re starting it 
here, then it’s moving… (as he sketches) here, so let’s find out what um… what that is first.” 
#G89 He edits the calculations to display a value of a particular term within the section they’re having a 
problem with, and then he says, “So it’s … it reckons that that’s … pretty close to the horizontal…so that’s 
eleven degrees…” then as he starts drawing again on the sketch he says, “but if we rotate… we rotate 
another alpha, you’ve actually got that added on?” then he reaches up and puts his hand holding the pen on 
his forehead. He moves again and says, “Yeah… that’s gonna take a bit of thinking about…” and he slides 
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the sheet around on the desk a little, draws a vertical line down the page to create a new ‘blank space’ over 
the side, then says, “We should make sure we get it right with A.” 
#G90 He starts sketching and says, “The fact that it’s any vector… it’s actually any vector, so any point on 
our frame… there’s the horizontal… and we’re ahhh, we’re actually calculating that angle in there, or when 
it’s below that angle in… that angle in there… so if it… if it’s actually… if that point is actually above the 
origin, you actually add it off here, you don’t subtract it… so you rotate it from there to there” and Michelle 
says “Mm-hmm” as Nathan continues, “So you add alpha, then that becomes your new x coordinate … ahh 
your y coordinate, and that becomes your new x coordinate.” Michelle reaches over to point at a spot on the 
diagram Nathan’s sketched, and says, “And alpha’s that?” Nathan pauses for a second then replies, “No it’s … 
alpha is it’s angle from the original position in the clockwise direction.” and Michelle says, “Oh, OK, so it 
should still be alpha plus whatever.” Nathan reaches over to the mouse and says, “So, in A it’ll be… um…” 
then Michelle points down at the diagram and says, “It’s just if its original position starts below that then 
you’ve just gotta… (pointing up on the screen) you’ve gotta do it the other way round (wiping a smudge off 
the screen).” 
#G91 Nathan says, “So original position is right” and starts typing on the keyboard with his right hand, “but 
this becomes plus here” and Michelle points up at the screen and says, “Yeah but you’ve gotta… have this 
coordinate from here too.” Nathan says, “No… oh, yeah you will, they should all be the same, cause it’s…” 
and keeps typing on the keyboard. Michelle thinks for a few seconds as he types then moves her finger back 
up to the screen and says, “See A is starting below…” and Nathan continues typing and as he sees a value 
change on the screen says, “That’s better” then to Michelle, “It doesn’t matter where the vector is… um…” 
and keeps typing silently for a few more moments. When he’s finished he grabs the pen and the sheet again 
and points to the diagram as he says, “Yeah it doesn’t matter whether it’s point A, B, C … D or the centre of 
gravity because…” then he looks to start writing on the sheet then flips it over, sees that there’s no room on 
the back side and quickly swaps it for another blank sheet off to the side. He sketches a few lines and says, 
“Well it doesn’t matter what it is whether it’s A,B,C,D. OK case A, if it’s here’s our origin, here’s our point x, 
what we do is we calculate the angle based on its y and z coordinates and what… you end up with that 
angle in there, essentially (he draws the symbol for theta in the corner of the triangle) and we’re going to 
rotate this around to here, which… so we’re actually moving… that angle is actually alpha… so then, if 
alpha is actually smaller than that original angle which we calculate, which is that first… thing… then all 
this should … this should work for every one of these cases.” He keeps sketching as he says, “The new x 
coordinate is… is just… um… is that distance but it’s actually a negative direction… that’s right, isn’t it? 
We’ve got it there like that? It all… assume that they go over this side but in pretty much every case the x 
coordinates will always be negative” and Michelle says, “OK” as Nathan starts typing on the keyboard. 
Nathan says, “That’s probably why that… uh… OK so that’s right.” He picks up the pen and starts sketching 
again, saying, “The y coordinate… is always… sorry that’s our new x coordinate and that’s our new y 
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coordinate… and… which will always be… in the negative direction…” and  Michelle says, “When this is 
true” and Nathan says, “When this is true, yeah, so… so (pointing on the screen with the mouse cursor) 
true, true, negative, negative… so I’m happy with that.” Michelle says, “And when it’s above?” and Nathan 
starts drawing again and says, “When it’s above…” and Michelle reaches over to point on the diagram and 
says, “Alpha’s the one…” and Nathan turns over the sheet as she’s pointing on it and says, “Hang on” and 
starts sketching on the reverse side. 
#G92 As he sketches he says, “OK here’s our origin, and here’s our point x out here, and we’re going to 
rotate this around to our new point x…” and as Nathan keeps sketching and Michelle points to a different 
part of the diagram and says “What if you’re rotating from here to here… is what I’m saying… in the middle 
case?” Nathan flips the page back over and Michelle points on the old diagram and says, “Because then your 
alpha is greater than your theta… and you can’t have that… you have to subtract.” Nathan starts drawing 
and says, “You mean, take it around here?” and Michelle says, “uh-huh.” Nathan pauses and sticks the tip of 
the pen on his lips as he thinks, and Michelle continues as she gestures on the diagram, “See if you just move 
this up a tiny bit you move into the positive side.” Nathan sketches a little on the diagram and says, “So if 
you move this to the positive side…” then pauses and rests his chin on his right hand and drums the fingers 
of his left hand on the desk for a few seconds. There’s a silence for a number of seconds then Nathan moves 
his left hand to gesture at the diagram, saying, “That’ll be positive… mmmm” and traces his finger back and 
forth on the arc on the diagram, then taps it a couple of times with his forefinger. He says “mmm” again as 
he drums his forefinger and middle finger on that part of the diagram, and then says, “That’s a bit strange 
isn’t it?” and Michelle says “Mmm.” Nathan puts the fingers of his right hand against his forehead and says, 
“There must be an easier way to do that. Umm…” he puffs his cheeks out then exhales and raises his 
eyebrows. 
#G93 Rob is writing on his yellow jotter pad, saying, “Maybe it changes when I go above the uhh… cause 
that… (swapping the pen into his left hand, pointing to the diagram on the right with his right finger and 
the diagram on the left with the pen) …is from my case down here” and he flips back a page in the jotter. 
He looks back and forth between a couple of the consecutive pages in the jotter, then rips off the top two 
pages, which are covered in diagrams, and places them beside each other in front of him and slightly to the 
left, while the jotter is now blank and sitting slightly to his right. He starts drawing on the fresh page and 
says, “This time I have…” and looks across at the two sheets to the left of him while he draws. He slowly 
draws a line across the pad, then keeps his pen down at the end of the line as he looks across at the other 
diagrams, then makes a dismissive motion in the air above the line before crossing it out with a squiggly line 
over the top, then he starts redrawing the same diagram below it on the jotter. He adds in symbols on parts 
of the diagram. He then rips off the page and puts it above and slightly covering the other two jotter pages. 
#G94 He draws a similar diagram on the fresh sheet, a bit faster, then pauses and mumbles, “What did I do 
with this angle?” then he picks up one of the other yellow sheets and says, “Which one is the… that one’s 
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the right angle” and puts it down again, then draws in the symbol for a right angle on part of the new 
diagram. He also adds to one of the symbols so that it changes from theta to theta/2. He starts to pick up the 
jotter by the top then releases it again, then adds another right angle symbol. He has his right hand on one 
of the loose sheets as he looks at it, then he picks up that sheet and puts it away to the right and turns to the 
new diagram, saying, “Yeah this one becomes different … so this here is…” 
#G95 Nathan turns his chair around to face in Rob’s direction and says, “At the moment, we’ve got the arm 
acting… above the horizontal” and Rob says, “Which is where it is… at the moment” Nathan turns to read 
of the sheet and says, “No, well, it’s… if it starts… if it… if that’s ummm… I don’t have paper.” He starts 
sketching on a fresh sheet, saying, “If that’s the pivot… that’s point B… and it works for that case where… 
you rotate it and it’s already above (gesturing with his arm to indicate rotation, then continuing sketching) 
If you’ve got a point like A that’s below the… that’s below to the … rotates around here, then in this region 
it works OK, but if you rotate it far enough so A actually rotates above the horizontal we can’t get it to work 
cause it…” and Rob interrupts, “What’s A?” Nathan says “Oh… that’s the end of your… boom tip… so if 
you rotate it… if there’s a point somewhere below the pivot and it rotates to a point above the pivot 
(gesturing with his whole arm to mimic the boom) ah… our calculations screw up, but it seems to be giving 
us the right kind of numbers.” Rob turns back to his desk and says, “Yeah? Well that’s good.” 
#G96 (Meanwhile, Michelle is standing talking at the phone next to Nathan making a phone call. ) 
#G97 David, the boss, walks into the room and asks how things are going. Michelle says, “We’re just going 
through the calcs for the boom now, but we’re still checking that … our calculations match.” Rob says, 
“That’s right. We’ve got to get the same answer out. Have you got that out now?” Nathan says, “What’s your 
answer?” and Michelle says, “Oh we got your answer out at one stage but then we realised we had problems 
with that If statement, so we’ve been trying to fix that up.” 
#G98 Rob looks at David and says, “Anyway I’m basically… (smiling) I said I’ll race you Nathan, I’ll see if 
you can get yours to work before I ummm… (Nathan looks over his shoulder and smiles) …create a 
completely new model… which doesn’t use any of those complicated Find things and just… solves it 
directly.” David says, “Might be MathCAD. Might be a bug” Nathan says, “What’s your forces?” and 
Michelle says, “What have you got?” Rob picks up the memo pad to show David, saying, “I’m just doing … 
triangles within triangles within triangles at the moment… to try and work out… certain angles…” and 
laughs. 
#G99 Nathan looks over at him and says, “What’s your force at B at the moment?” and Rob says, “It depends 
– are your geometry and stuff all the same?” Nathan and Michelle say “yep” in unison before Nathan 
continues, “Forty thousand and thirty one thousand?” Rob turns back to his computer and starts clicking 
through the calculations, “Those ones that I told you before… it’s basically…” and Nathan says, “Thirty one 
thousand eight hundred and for… forty three thousand.” Rob says, “Tell me in kilonewtons… four hundred 
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and thirty three kilonewtons … in the x” and Michelle and Nathan say “uh-huh” Rob continues, “… and 
three hundred and eighteen kilonewtons in the y” and Nathan says, “Yep… that’s right.” David says “ach!” 
in mock surprise, and Rob says to Nathan, “told ya!” and laughs. Nathan says, “It’s just if any of the points go 
above the horizontal it… crashes” and Rob says, “What points?” Nathan says, “Well, any… if any of the 
pivots…” sticking his arm out to mime the boom. Rob says, “Well B is already above the horizontal.” Nathan 
says, “Yeah but if it starts below and goes above… (gesturing the boom moving up) I’ve got to put another 
statement that calculates the…  because your angle is going across the horizontal it stuffs up the calculation 
of the…the position.” Rob says, “oh OK” and David says “It’s the program. It’s a bug… It’s a bug in the 
program” and Michelle and Nathan look over at him and smile. Rob turns his chair around to face David and 
says, “It’s the trigonometry. It works one way (gesturing to indicate) but once you put it down the other 
way it doesn’t work.” 
#G100 Here I say, “Like the excavator works … maybe it falls apart too… above the horizontal…” and Rob 
smiles and says, “Hope not.” 
#G101 Nathan turns back around to work at the desk and says, “So we need to put another statement in that 
does that calculation.” Nathan takes the loose sheet of paper he’s been working on, walks over to the 
photocopier and grabs another sheet of A4 and David laughs and says, “Cut another tree down.” 
#G102 Michelle and Nathan start working at their desk and Michelle says, “OK so you’ve got … I think you 
may have four cases” and Nathan says, “No I think there’s only three. I think if it stays below it’s fine, and if 
it crosses…” and Michelle interrupts “but what if you’ve got… it skims over it and it crosses?” 
#G103 Nathan starts sketching a diagram on the fresh sheet, and he gestures around the diagram as he says, 
“Well it doesn’t matter what that angle is… if it crosses the horizontal it… ummm… there’s three cases 
where it … goes starts here and just goes below, we know that works, starts there and goes above… that… 
well we don’t actually care about what happens above” and Michelle says, “And then… this one, when it 
starts above and goes above, you’ve gotta have… alpha minus theta.” Nathan continues sketching and says, 
“OK there’s our alpha… there’s our theta… that’s Case A… what we want is that angle there…” Michelle 
says, “Which is alpha minus theta” and Nathan repeats, “Which is alpha minus theta… that’s right.” 
#G104 I say, “That… that’s what you had before when it was… when it just didn’t go…” and Michelle says, 
“yeah and then we tried the case where it went above and it just… went bad” and laughs.  
#G105 Nathan clicks the mouse button and then repeatedly presses the enter key on the keyboard as he 
says, “I’ll just whack in those statements… um...” He then talks under his breath, saying, “Um… don’t need 
if statements…” then pauses and puts his hand over his mouth. Michelle points to the screen and says, 
“That’s if its above and goes… that’s if it starts above and goes above” and Nathan says, “Hang on, we’ll just 
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do this first… it has to do one of the three calculations, so… um… that might be the best way to do it, and 
I’ll just group them together so… that’s available. Right.” 
#G106 After some more editing, and while the engineers are eating lunch at their desks, Rob asks what kind 
of figures they’re getting now. Nathan says, “Three seven seven and four hundred and three” and Rob says, 
“OK which one’s x and which one’s y?” Nathan replies, “Aahhh x is three seven seven … point six” and Rob 
says, “So three hundred and seventy seven kilonewtons” and Nathan says, “… in the negative… in our 
negative x direction so it’s … that … ten degrees.” Rob says, “What’s ten degrees?” and Nathan says, “aah…” 
as Rob wheels his chair slowly closer to Nathan and continues “… the bottom one you didn’t leave 
horizontal and you need it horizontal.” Nathan points on the computer screen and says, “Well it’s just lifted 
up like that (gesturing the to imitate the boom with his arm) but this one is still…” and Rob says “uh-huh.” 
#G107 Michelle bends over between Nathan and Rob to throw something in the bin under her desk, and 
Rob says ‘uupp’ and moves the plate of food he’s eating to the side away from Michelle. Michelle says 
“sorry” and laughs. Rob says, “You’ll have mongolian sauce in your hair now!” and laughs. 
#G108 Nathan glances over his shoulder at Rob and says, “Is that right?”, looking back at the computer 
screen. Rob says, “Yep… you just get different results. So what’s your resultant? Actually, no tell me what 
your x and y was again?” wheeling back over to the computer workstation. Nathan says, “Three seven seven 
point six” and Rob says, “Is your x…?” and Nathan says, “Yep, and four o… four hundred and three.” Rob 
says, “So your y is now bigger than your x” and Nathan says, “Aahh… yeeeaaah marginally. Is that because B 
is slightly below the horizontal, so we’ve taken it…” and Michelle reaches over to gesture on the diagram in 
front of Nathan and says, “It’s the geometry. It’s really far away, so… you’ve gotta have more force…” 
Nathan says, “Yeah but… but… B is slightly below. Normally.” Michelle says, “Normally… it’s right in line 
with C which is below the…’ and Nathan says, “…So we might have actually done this thing… taken it 
positive,” as he points to the diagram he’s just sketched. 
#G109 Rob says, “What’s your angle? Of the ram at B? to the horizontal?” and Nathan replies, “Ah… forty 
seven degrees” and then looks over his shoulder to Rob. Rob says “Forty seven?” and Nathan nods. Rob looks 
at his own monitor and reaches over to hold down the PageUp key on the keyboard. Nathan says, “Has to be 
larger than your thirty four” and Rob says, “Yeah thirty eight, and I checked that one by drawing a picture 
in… AutoCAD and rotating it” and laughs. Nathan says, “Aahhh… yeah OK, hang on. That’s because of this 
geometry thing. Cause it’s … cause I think it’s gone positive again. Umm… wait a second, I’ll just sort this 
out first.” Michelle points to the screen and says, “You’ve gotta fix that one” Nathan says, “Yeah we’ve gotta 
do it to all of them. Um… here’s the main culprit. So just work this out… so our x new is…” and Michelle 
says, “It should be the same, it should be that minus that minus that,” pointing at the screen. 
#G110 David walks in and says, “Nathan, have you got that… um… Hawaiian um… booklet brochure?” and 
Nathan says, “I… gave it to Rob to look at” and Rob says, “I got it” and gets out of his chair and walks 
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around the corner to his desk. David starts to follow him and says, “Looks like we’ve got an Asian restaurant 
going on here” and Nathan looks over at him and smiles. 
#G111 A little while later, Nathan says, “And… ah you’ve still got the larger positive y?” and Rob says, 
“Well you will once you get to above forty five.” Michelle reaches over to point at the screen and says, “Isn’t 
that because… haven’t you got… oh no it’s not.” 
#G112 Nathan edits the calculations a little then scrolls down the calculations. He says, “Aahh ten … theta” 
and runs his fingers through his hair. After a few seconds he glances at Michelle on his left and says, “Is that 
right? It’s gotta be…” and Michelle says, “Is that saying it’s ten degrees?” Nathan says “Yeah… so B is 
actually negative and then goes above… positive”, gesturing with his arm to indicate the movement. 
#G113 Michelle says, “Why should it? Like at the moment it’s high isn’t it? B is above zero?” and Nathan 
says “no” and points at a spot on the screen. Michelle says, “No but where is it? B is above C? Above O?” 
Nathan says, “Aah it is too, OK, so it’s giving us the wrong answer” and Michelle says, “So at the moment it 
should be…” Nathan says, “But it’s saying it’s actually below. Look at these ones (he writes on the sheet as 
his left index finger points on the diagram) So… hang on, so point… if A one is smaller than or equal to O 
and that is smaller than or equal to … theta A which is y case, it’ll be… negative x and negative y…” then 
he puts down the pen to click the calculations further down the screen before he picks it up again and 
continues. 
#G114 He says “… if the y component is greater than… A one up here…” and Michelle interrupts, “can you 
ever get… for this stage where it starts below, can you ever get an alpha that’s greater than theta? Just by 
looking at it?” She grabs a pen and gestures with it flat on the notebook in front of her, saying, “If you’re still 
below… if that’s your theta right? And you move your alpha all the way up to here, your alpha’s greater 
than… oh no… it’s the other one. Doesn’t matter.” 
#G115 Rob says loudly, “There you go. I just put the wrong symbol in. It’s forty six point eight seven five 
degrees” and Nathan says, “That’s what I just had before! What did we change?”, looking at Michelle. Rob 
laughs and says, “What’s changed?” and Michelle makes an ‘I dunno’ noise through a mouthful of food. 
Nathan taps on the diagram with the end of his pen as he looks at the screen and Rob says, “But my forces 
are a lot lower than they were before.” Michelle points at the screen and then Nathan says, “No! Hang on, I 
think we’ve found the mistake” and he edits the calculations. Rob says, “That’s good” and Nathan says, 
“Right, just give us a couple of seconds.” He taps the PageDown key a few times to scroll down the 
calculations, then says “Forty six point eight … or nine… degrees.” Michelle reaches over to point at the 
screen and Nathan continues, “And… what are your forces?” Rob says, “The x direction is two hundred and 
ninety… four kilonewtons, and the y is three hundred and fourteen kilonewtons.” 
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#G116 Nathan types a little on the keyboard, then Michelle says ‘nup’ and Nathan moves his hand up to 
cover his mouth and says, “Hang on… the angle is forty six point nine degreeees…” and Michelle says, “But 
it’s negative, so you have to take the absolute of it.” Nathan taps on the keyboard and then points at a part of 
the calculations and says, “It still thinks B is below… ummm….” Michelle says, “Do you have to take the 
absolute of the angle? Yeah you would” and Nathan says, “yeah… yeah the angle’s right but it’s calculating 
B… you get an incorrect position. Umm…” 
#G117 Rob says, “It’s one point eight… nine six” and Nathan says quietly, “We’ve got it in the negative as a 
wrong position” and starts editing the calculations. He says, “Two point three metres… A one… yes it’s 
definitely larger, so it should run that.” He pauses for a few seconds then looks over to Rob, asking, “Does 
MathCAD use degrees or radians?” Rob replies, “Radians, by default” and Nathan says, “Can you turn that… 
so it’s using degrees?” Rob says, “Well you just type in degrees… as a unit” and Michelle says, “Mmm” 
Nathan gestures quickly at the screen and says, “Oh, yeah, it’s in degrees, OK, yep.” He types on the 
keyboard again and then says, “That’s a bit better… aaah…yeah that’s …. aah” Michelle points up a the 
screen and says, “Hang on, what’s that one?” and Nathan says, “That’s…” then edits the calculations, saying 
“oh yeah” and sniffs, then points at the screen and says “yeah, so it’s positive and negative there, so that’s 
OK… OK…” He scrolls down the calculations then takes his hand off the mouse and drums it on the table. 
#G118 Rob says, “So what were you after? The locations or the resultant forces? The location at B or..?” and 
Nathan says, “aaah…. Yeah” Rob says, “The location of B… is… seven hundred and sixty six millimetres 
above O, and one point eight nine six metres across from it” Nathan uses the scroll button on the mouse to 
scroll down as he says, “Aah and how about… the centre of gravity of the main boom?” Rob says, “Its new 
location?” and Nathan says “Yeah.” Rob says, “The x coordinate of it is… minus … two point O nine six 
metres…” then after a pause Nathan says “Yep” and Rob continues, “… and I don’t care what the y is 
because I haven’t bothered calculating it, because it’s only a…” 
#G119 Michelle laughs and I joke, “These guys can tell you what that one is” and Michelle points up at the 
screen with her pen and says, “Yeah but I think it could be wrong!” Rob says, “Well I could tell you quite 
simply by… by just doing a sine of… sine of a number [inaud]” while Michelle points to the screen and says 
to Nathan, “It shouldn’t be… if that’s there… it should be…” She starts using the pocket calculator, then she 
shows Nathan the screen and says, “Should be seven two five… hang on if that’s your…” Rob says, “Was 
your x location OK?” and Michelle replies, “yep our x location was fine.” 
#G120 Nathan says ‘centre of gravity relative to A…’ as Rob says ‘well your y shouldn’t matter’. Rob says 
‘what about the x and y coordinate of O? So… x is…two hundred and ninety three kilonewtons, or ninety 
four’ and Nathan writes the number down on the sheet in front of him and says ‘mm-hmm’ and Rob then 
says ‘and y is three hundred and fourteen kilonewtons.’ Nathan taps on the keyboard to scroll down the 
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calculations and says ‘don’t believe it’ and laughs and Rob says ‘don’t believe it? Why not? What do you 
get?’ 
#G121 Nathan says ‘aahh three seventy seven kilonewtons and four O three kilonewtons. And our … our 
angle’s still right, angle’s forty six point nine degrees’ and scratches his chin. He taps the PageDn key a few 
more times to scroll down the calculations. Michelle has her head tilted to the side as she reads the 
calculations with him, then she straightens up and asks ‘is it still [inaud]?’ and Nathan replies ‘yeah I think 
so’ and moves his hand to the mouse to scroll down the calculations. Michelle reaches her pen out to point 
at the screen and makes two parallel downward motions with the tip, saying ‘do you want to fix them at all?’ 
and Nathan replies ‘aahh… hang on let’s see…’ and starts editing the calculations as he says ‘it might not do 
a lot of difference’. Rob says from his desk ‘well I like my answer better… cause it’s smaller’ and laughs and 
turns to François. Nathan says ‘ahh hang on, we might have made a mistake here.’ Rob says ‘may have…’ 
and Nathan says ‘nup, didn’t change it’ as he inspects the new figures. 
- end of transcription - 
